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ABSTRACT

The brisk deployment of the �fth generation (5G) mobile technology across the

globe has accelerated the adoption of Internet of Things (IoT) networks. While 5G

provides the necessary bandwidth and latency to connect the trillions of IoT sen-

sors to the internet, the challenge of powering such a multitude of sensors with a

replenishable energy source remains. Far-�eld radio frequency (RF) wireless power

transfer (WPT) is a promising technology to address this issue. Conventionally, the

RF WPT concepts have been deemed inadequate to deliver wireless power due to the

undeniably huge over-the-air propagation losses. Nonetheless, the radical decline in

the energy requirement of simple sensing and computing devices over the last few

decades has rekindled the interest in RF WPT as a feasible solution for wireless power

delivery to IoT sensors.

The primary goal in any RF WPT system is to maximize the harvested direct

current (DC) power from the minuscule incident RF power. As a result, optimizing

the receiver power ef�ciency is pivotal for an RF WPT system. On similar lines, it

is essential to minimize the power losses at the transmitter in order to achieve a sus-

tainable and economically viable RF WPT system. In this regard, this thesis explores

the system-level study of an RF WPT system using a digital radio transmitter for ap-

plications where alternative analog transmit circuits are impractical. A prototype

test-bed comprising low-cost software-de�ned radio (SDR) transmitter and an off-

the-shelf RF energy-harvesting (EH) receiver is developed to experimentally analyze

the impact of clipping and nonlinear ampli�cation at the digital radio transmitter

on digital baseband waveform. The use of an SDR allows leveraging the test-bed for

the research on RF simultaneous wireless information and power transfer (SWIPT);

the true potential of this technology can be realized by utilizing the RF spectrum

to transport data and power together. The experimental results indicate that a digi-

tal radio severely distorts high peak-to-average power ratio (PAPR) signals, thereby

reducing their average output power and rendering them futile for RF WPT.
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On similar lines, another test-bed is developed to assess the impact of different

waveforms, input impedance mismatch, incident RF power, and load on the receiver

power ef�ciency of an RF WPT system. The experimental results provide the foun-

dation and notion to develop a novel mathematical model for an RF EH receiver.

The parametric model relates the harvested DC power to the power distribution

of the envelope signal of the incident waveform, which is characterized by the am-

plitude, phase and frequency of the baseband waveform. The novel receiver model

is independent of the receiver circuit's matching network, recti�er con�guration,

number of diodes, load as well as input frequency. The ef�cacy of the model in ac-

curately predicting the output DC power for any given power-level distribution is

veri�ed experimentally.

Since the novel receiver model associates the output DC power to the parameters

of the incident waveform, it is further leveraged to design optimal transmit wave-

forms for RF WPT and SWIPT. The optimization problem reveals that a constant

envelope signal with varying duty cycle is optimal for maximizing the harvested DC

power. Consequently, a pulsed RF waveform is optimal for RF WPT, whereas a con-

tinuous phase modulated pulsed RF signal is suitable for RF SWIPT. The superior

WPT performance of pulsed RF waveforms over multisine signals is demonstrated

experimentally. Similarly, the pulsed phase-shift keying (PSK) signals exhibit su-

perior receiver power ef�ciency than other communication signals. Nonetheless,

varying the duty-cycle of pulsed PSK waveform leads to an ef�ciency—throughput

trade-off in RF SWIPT.

Finally, the SDR test-bed is used to evaluate the overall end-to-end power ef�-

ciency of different digital baseband waveforms through wireless measurements. The

results indicate a 4-PSK modulated signal to be suitable for RF WPT considering

the overall power ef�ciency of the system. The corresponding transmitter, channel

and receiver power ef�ciencies are evaluated as well. The results demonstrate the

transmitter power ef�ciency to be lower than the receiver power ef�ciency.

x



CONTENTS

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1 Motivation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Scope and Research Objectives . . . . . . . . . . . . . . . . . . . 3

1.3 Outcomes and Contributions . . . . . . . . . . . . . . . . . . . . 4

1.4 Author's Contributions to the Publications . . . . . . . . . . . . 6

1.5 Structure of the Thesis . . . . . . . . . . . . . . . . . . . . . . . 7

2 Wireless Power Transfer — A Survey . . . . . . . . . . . . . . . . . . . . 11

2.1 Different forms of WPT. . . . . . . . . . . . . . . . . . . . . . . 11

2.1.1 Short-range and Mid-range WPT . . . . . . . . . . . . . 11

2.1.2 Far-Field WPT . . . . . . . . . . . . . . . . . . . . . . 13

2.2 RF SWIPT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2.1 Different Modes of Operation . . . . . . . . . . . . . . 14

2.2.2 Feasibility . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.3 Literature Review . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.3.1 Waveforms for RF WPT and RF SWIPT . . . . . . . . . 15

2.3.2 Linear and Non-linear recti�er models . . . . . . . . . . 16

2.3.3 Input Impedance Mismatch . . . . . . . . . . . . . . . . 18

2.3.4 Waveform Optimization . . . . . . . . . . . . . . . . . 18

2.3.5 Test-beds . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.4 Commercially available RF WPT products . . . . . . . . . . . . . 21

3 System model and Test-beds. . . . . . . . . . . . . . . . . . . . . . . . . 23

3.1 End-to-end System Model of an RF SWIPT System . . . . . . . . 23

3.2 Novel GNU Radio-based Test-bed for Experimentally Evaluating

Various Power Ef�ciencies . . . . . . . . . . . . . . . . . . . . . 28

3.2.1 Setup for Evaluating the End-to-End Ef�ciency . . . . . 31

xi



3.2.2 Setup for Evaluating the Transmitter Ef�ciency and the

EVM of the Transmitted Signal . . . . . . . . . . . . . . 32

3.2.3 Setup for Evaluating the Channel Ef�ciency . . . . . . . 33

3.2.4 Setup for Channel Sounding . . . . . . . . . . . . . . . 33

3.3 Test-bed to Examine Impact of Input RF power, PAPR and Load

on Receiver Ef�ciency and to Verify Recti�er Model. . . . . . . . 34

3.4 Test-bed to Evaluate In�uence of Input Impedance Mismatch on

Receiver Ef�ciency . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.5 Test-bed for Studying Receiver Ef�ciency—Throughput Trade-off

in RF SWIPT . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

4 Receiver Analysis and Modeling in RF WPT/ SWIPT . . . . . . . . . . . 40

4.1 Parameters Affecting Receiver Ef�ciency . . . . . . . . . . . . . . 40

4.1.1 Input RF power and PAPR . . . . . . . . . . . . . . . . 41

4.1.2 Load resistance . . . . . . . . . . . . . . . . . . . . . . 43

4.1.3 Matching Network . . . . . . . . . . . . . . . . . . . . 46

4.2 Receiver Modeling. . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.2.1 Notion Behind the Recti�er Model . . . . . . . . . . . . 50

4.2.2 Waveform-to-Energy Harvesting Model . . . . . . . . . 52

4.2.3 Determination of Parameter� (p). . . . . . . . . . . . . 53

4.2.4 Determination of the Density FunctionfP (p) . . . . . . 54

4.3 Experimental Veri�cation . . . . . . . . . . . . . . . . . . . . . . 55

4.3.1 Measurement Setup . . . . . . . . . . . . . . . . . . . . 55

4.3.2 Results Validating the Waveform-to-Energy Harvesting

Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

5 Transmitter Analysis and Waveform Optimization in RF WPT and RF

SWIPT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.1 Software-De�ned Radio Transmitter for RF WPT/ SWIPT . . . . 65

5.1.1 Clipping and Limited Resolution in Digital-to-Analog

Conversion . . . . . . . . . . . . . . . . . . . . . . . . 66

5.1.2 EVM Analysis of RF SWIPT signals at the Transmitter

Output . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5.2 Transmit Waveform Optimization . . . . . . . . . . . . . . . . . 71

5.2.1 Optimization Problem Formulation . . . . . . . . . . . 71

xii



5.2.2 Optimal Waveforms at the Transmitter. . . . . . . . . . 75

5.3 Experimental Veri�cation of the Optimal Waveform. . . . . . . . 79

5.3.1 Pulsed RF versus Multisines . . . . . . . . . . . . . . . 79

5.3.2 Receiver Ef�ciency Variation with Duty Cycle . . . . . 80

5.4 Performance Evaluation of Pulsed RF for RF SWIPT . . . . . . . 82

5.4.1 Receiver Ef�ciency of Phase Modulated Pulsed RF Wave-

form . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

5.4.2 Receiver Power Ef�ciency—Throughput Trade-off. . . . 83

6 System-level Analysis in RF WPT . . . . . . . . . . . . . . . . . . . . . 86

6.1 Experimental Setup for Data-Driven Analysis of RF WPT Ef�-

ciency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

6.2 End-to-End Ef�ciency of Multisine Waveforms. . . . . . . . . . . 90

6.3 End-to-End Ef�ciency of Communication Signals . . . . . . . . . 92

7 Conclusions and Future Scope . . . . . . . . . . . . . . . . . . . . . . . 98

7.1 Main Outcomes . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

7.2 Scope for Further Work . . . . . . . . . . . . . . . . . . . . . . . 100

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

Publication 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

Publication 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

Publication 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

Publication 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

Publication 5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

Publication 6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

Publication 7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

xiii



List of Figures

1.1 Flowchart showcasing the structure of the remainder of this thesis along

with the associated original publications. . . . . . . . . . . . . . . . . 8

3.1 Block diagram of a typical RF SWIPT system comprising a digital ra-

dio transmitter, an external power ampli�er, and multiple communi-

cation and energy harvesting receivers. The communication receiver

and energy harvester could be co-located or separate. . . . . . . . . . . 24

3.2 Block diagram of an SDR-based RF WPT test-bed. The vector sig-

nal transceiver is used for evaluating transmitter power ef�ciency and

EVM of transmit signals. The RF energy harvester is used for evaluat-

ing the end-to-end power ef�ciency. The microwave network analyzer

is used to assess wireless channel response, whereas the RF power me-

ter is used to determine the channel ef�ciency.. . . . . . . . . . . . . . 29

3.3 The USRP-based test-bed for evaluating the end-to-end power ef�ciency

in RF WPT [P3]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.4 The USRP-based test-bed for evaluating the transmitter power ef�ciency

and the EVM in RF WPT[P3]. . . . . . . . . . . . . . . . . . . . . . 32

3.5 The USRP-based test-bed for evaluating the channel power ef�ciency

in RF WPT [P3]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.6 The anechoic chamber setup for conducting wireless experiments to

evaluate the transmitter, channel and end-to-end power ef�ciencies in

RF WPT [P3]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

3.7 Block diagram of the RF WPT test-bed developed to assess the de-

pendence of receiver power ef�ciency on the average input RF power,

PAPR and the load resistance, for an off-the-shelf RF energy harvester. . 35

3.8 Block diagram of the RF WPT test-bed developed to assess the im-

pact of input impedance mismatch on the receiver power ef�ciency,

in terms of the matching ef�ciency and the true recti�cation ef�ciency. 36

3.9 Block diagram of the RF SWIPT test-bed developed to study the re-

ceiver power ef�ciency—throughput trade-off. The receiver implements

the power-splitting technique to facilitate simultaneous energy harvest-

ing and information transfer. . . . . . . . . . . . . . . . . . . . . . . . 38

xiv



4.1 Variation of receiver ef�ciency in RF WPT with input RF power and

PAPR (multisine waveforms). The discontinuities in ef�ciency curves

at low input power can be attributed to the resolution limitation of the

oscilloscope. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4.2 Variation of receiver ef�ciency in RF WPT with load resistance, for

different multisine waveforms. . . . . . . . . . . . . . . . . . . . . . . 44

4.3 Contour plot to assess the joint impact of input RF power and load

resistance on receiver power ef�ciency in RF WPT for different mul-

tisine waveforms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.4 The matching network con�gurations analyzed in Section 4.1.3 to as-

sess the impact of input impedance mismatch on the receiver power

ef�ciency in RF WPT. . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.5 Matching ef�ciency of an RF EH circuit[79] for frequency and power

sweep, and different load values to study its impact on the receiver

power ef�ciency in RF WPT.. . . . . . . . . . . . . . . . . . . . . . . 47

4.6 Matching ef�ciency of a simple RF EH circuit with LC matching net-

work (cf. Fig. 4.9(a)) for frequency and power sweep. The matching

network is matched to� 5 dBm input power and showcases rather poor

matching ef�ciency at other input power levels. . . . . . . . . . . . . . 48

4.7 True RF-to-DC recti�cation ef�ciency of RF EH circuits with differ-

ent matching networks, for varying input power and certain load val-

ues. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.8 Visual depiction of the notion behind thewaveform-to-energyharvest-

ing model.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.9 Different RF energy harvesters employed in the experimental veri�ca-

tion of the waveform-to-energyharvesting model[P7].. . . . . . . . . . 56

4.10 Ef�cacy of the recti�er model evaluated for three different RF EH cir-

cuits. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

xv



4.11 Ef�cacy of the recti�er model evaluated for multisine and RF SWIPT

waveforms, while varying the input RF power, withRL = 3.3k
 ,CL =

15 pF in the frequency band 2. Here, OFDM QPSK and OFDM 64-

QAM represent single high-PAPR realizations, while the others are

general realizations of these waveforms. In general, the receiver ef�-

ciency for OFDM waveform is found to be independent of the base-

band modulation. The measurement results are presented with mark-

ers and the model predictions with solid lines. . . . . . . . . . . . . . . 59

4.12 Ef�cacy of the recti�er model evaluated for varying load values. . . . . 61

4.13 Contour plots for average input RF power versus load resistance, show-

casing the measurement results and model predictions of end-to-end

power ef�ciency for different RF WPT waveforms. . . . . . . . . . . . 62

4.14 Ef�cacy of the proposed recti�er model evaluated for different fre-

quency bands of the multiband recti�er, for a� = 0.1 pulsed RF wave-

form, while varying the input RF power, with RL = 3.3k
 ,CL =

15 pF. The measurement results are presented with markers whereas

the model prediction is displayed as a solid line. . . . . . . . . . . . . . 63

5.1 Measured spectral response of the multisines and QPSK waveforms to

determine the linear ampli�cation region and the corresponding trans-

mitter ef�ciency for varying USRP gain.. . . . . . . . . . . . . . . . . 68

5.2 The measured EVM of the communication signals at different bit rates

andGUSRP values. The complex baseband symbols were captured by

the VST, and compensated for the CFO, before evaluating the EVM.

Overall, the QPSK signal yields the lowest EVM. . . . . . . . . . . . . 70

5.3 Absolute pulse duration corresponding to signal bandwidth for differ-

ent values of spectral containment parameter� as de�ned in (5.5). . . . 77

5.4 Optimal signal at the transmitter: a pulsed RF signal with absolute

pulse duration� , repetition intervalT and amplitudeAr , with the base-

band frequencyf � � fc. . . . . . . . . . . . . . . . . . . . . . . . . . 79

5.5 Evaluating the receiver ef�ciency of multisine waveforms and pulsed

RF waveforms to determine the waveform more suitable for RF WPT. . 80

xvi



5.6 Variation of receiver ef�ciency with varying� and PRF
in for a pulsed

RF waveform, determined by the proposed recti�er model and veri-

�ed with measurements, withRL = 3.3k
 and CL = 15 pF in the

frequency band 2. The model allows ascertaining the optimal� that

attains maximum� at eachPRF
in . . . . . . . . . . . . . . . . . . . . . . 81

5.7 Variation of receiver ef�ciency with duty cycle and load resistance for

a pulsed RF wave. The receiver ef�ciency with a continuous wave for

different resistors is evaluated experimentally and the model allows de-

termining the receiver ef�ciency at any duty cycle� , which shifts the

curve to the left by 10 log10(� ). The maximum attainable ef�ciency is

� 62% forRL = 10 k
 . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

5.8 Receiver ef�ciency of 1 MSps RF SWIPT signals for varyingPRF
in , with

RL = 10 k
 in the frequency band 3 of the multiband recti�er as de-

scribed in Table 4.2.. . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.9 Ef�ciency—throughput trade-off forM-PSK modulated pulsed RF wave-

forms in a SWIPT system. Along with the throughput, the horizon-

tal axis also represents the corresponding duty cycle of the pulsed RF

waveform.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

6.1 Channel response in the European and American ISM frequency band

based on the channel sounding measurements in an anechoic chamber. . 87

6.2 Anechoic chamber setup for measuring the end-to-end power ef�ciency

in RF WPT. The position of the re�ecting surface and the transmitter—

receiver distance (D) are varied to experiment with varying channel

conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

6.3 Measurement results for the end-to-end WPT ef�ciency of cophased

N-tone multisine waveforms. . . . . . . . . . . . . . . . . . . . . . . . 91

6.4 Experimental observations for the various power ef�ciencies in RF

WPT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

6.5 End-to-end power ef�ciency of information signals for varying trans-

mission bit rates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

6.6 End-to-end ef�ciency of a QPSK-modulated signal for varying channel

conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

xvii



6.7 Comparison of different power ef�ciencies in an RF WPT system for

a 1 Mbps QPSK-modulated signal . . . . . . . . . . . . . . . . . . . . 96

List of Tables

2.1 Companies leading the RF WPT revolution.. . . . . . . . . . . . . . . 20

3.1 Hardware con�guration for the GNU Radio test-bed for evaluating

the transmitter, channel and end-to-end power ef�ciencies in RF WPT

along with the EVM of the transmit signals. . . . . . . . . . . . . . . . 30

4.1 Operational parameters for the experiments to determine the impact

of input RF power, PAPR, load resistance, and matching network on

the receiver power ef�ciency of RF WPT. . . . . . . . . . . . . . . . . 41

4.2 Operational parameters for the experiments to verify the accuracy of

the waveform-to-energyharvesting model. . . . . . . . . . . . . . . . . 57

5.1 Operational parameters for the experiments to determine the linear

ampli�cation region of the transmitter and the transmitter power ef�-

ciency in RF WPT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.2 A brief summary of the approach employed for solving the waveform

design problem. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

6.1 Operational parameters for the wireless experiments to evaluate the

impact of a digital radio transmitter on the end-to-end power ef�ciency

of RF WPT for multisine signals as well as communication signals. . . . 89

xviii



LIST OF ORIGINAL PUBLICATIONS

[P1] N. Ayir, M. F. Trujillo Fierro, T. Riihonen, and M. Allén, “Experimenting

waveforms and ef�ciency in RF power transfer,” in2019 IEEE MTT-S Inter-

national Microwave Symposium (IMS), 2019, pp. 1140–1143. DOI: 10.1109/

MWSYM.2019.8700791.

[P2] N. Ayir and T. Riihonen, “Impact of software-de�ned radio transmitter on

the ef�ciency of RF wireless power transfer,” in2020 IEEE Wireless Power

Transfer Conference (WPTC), 2020, pp. 83–86. DOI: 10.1109/ WPTC48563.

2020.9295605.

[P3] N. Ayir, T. Riihonen, M. Allén, and M. F. Trujillo Fierro, “Waveforms and

end-to-end ef�ciency in RF wireless power transfer using digital radio trans-

mitter,” IEEE Transactions on Microwave Theory and Techniques, vol. 69, no. 3,

pp. 1917–1931, 2021. DOI: 10.1109/ TMTT.2020.3047654.

[P4] N. Ayir and T. Riihonen, “Joint impact of input power, PAPR, and load resis-

tance on the receiver ef�ciency of multisine waveforms in RF energy harvest-

ing,” in 2021 IEEE Wireless Power Transfer Conference (WPTC), 2021, pp. 1–4.

DOI: 10.1109/ WPTC51349.2021.9458048.

[P5] N. Ayir, M. Heino, and T. Riihonen, “Impact of input impedance mismatch

on the receiver ef�ciency of RF wireless power transfer,” in2022 IEEE Wire-

less Power Week (WPW), 2022, pp. 412–416. DOI: 10.1109/ WPW54272.2022.

9853860.

[P6] N. Ayir and T. Riihonen, “Ef�ciency–throughput trade-off of pulsed RF

waveforms in simultaneous wireless information and power transfer,” in

2023 IEEE Wireless Power Technology Conference and Expo (WPTCE), USA,

2023. DOI: 10.1109/ WPTCE56855.2023.10215575.

xix

https://doi.org/10.1109/MWSYM.2019.8700791
https://doi.org/10.1109/MWSYM.2019.8700791
https://doi.org/10.1109/WPTC48563.2020.9295605
https://doi.org/10.1109/WPTC48563.2020.9295605
https://doi.org/10.1109/TMTT.2020.3047654
https://doi.org/10.1109/WPTC51349.2021.9458048
https://doi.org/10.1109/WPW54272.2022.9853860
https://doi.org/10.1109/WPW54272.2022.9853860
https://doi.org/10.1109/WPTCE56855.2023.10215575


[P7] N. Ayir, T. Riihonen, and M. Heino, “Practical waveform-to-energy harvest-

ing model and transmit waveform optimization for RF wireless power trans-

fer systems,”IEEE Transactions on Microwave Theory and Techniques, 2023.

DOI: 10.1109/ TMTT.2023.3284261.

xx

https://doi.org/10.1109/TMTT.2023.3284261


ABBREVIATIONS

5G Fifth generation mobile technology

AC Alternating current

ADC Analog-to-digital converter

ADS Advanced Design System

ASK Amplitude-shift keying

BER Bit error rate

cf. compare with, from Latinconfer

CFO Carrier frequency offset

CSCG Circularly symmetric complex Gaussian

CSI Channel state information

CW Conitnuous wave

DAC Digital-to-analog converter

DC Direct current

EH Energy Harvesting

EIRP Effective isotropic radiated power

EVM Error vector magnitude

FSK Frequency-shift keying

GSM Global system for mobile communication

ICN Impedance compression network

IoT Internet of Things

IQ In-phase and quadrature

xxi



ISM Industrial, scienti�c, and medical

Laser Light ampli�cation by stimulated emission of radiation

LC Inductor and capacitor

Mbps Mega bits per second

MIMO Multiple-input multiple-output

MSps Mega symbols per second

NFC Near-�eld communication

OFDM Orthogonal frequency-division multiplexing

PAE External power ampli�er

PAI Internal power ampli�er

PAPR Peak-to-average power ratio

PS Power-splitting

PSK Phase-shift keying

QAM Quadrature amplitude modulation

QPSK Quadrature phase-shift keying

RC Resistor and capacitor

RCN Resistance compression network

RF Radio frequency

RMS Root mean square

RRC Root raised cosine

SC Single-carrier

SDR Software-de�ned radio

SIMO Single-input multiple-output

SWIPT Simultaneous wireless information and power transfer

TS Time-splitting

USB Universal Serial Bus

USRP Universal Software Radio Peripheral

xxii



V� I Volt � ampere

VNA Vector network analyzer

VST Vector signal transceiver

WiFi Wireless Fidelity

WPT Wireless Power Transfer

xxiii



SYMBOLS

An Amplitude of the nth tone of a baseband multisine signal

Ar Amplitude of the pulsed RF waveform

D Distance between the transmitter and receiver for wireless ex-

periments

FP (p) Cumulative distribution function of the instantaneous power

of the envelope signal

GPAE
Gain of the external power ampli�er

GUSRP Gain setting of the internal power ampli�er of a USRP

H ( f ) Fourier transform of the baseband equivalent of channelĥ(t )
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ŷC(t ) RF signal at the input of a communication receiver
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1 INTRODUCTION

The dawn of the �rst wireless revolution in the early 1990s brought about a break-

through in the way people communicated. It ushered an era of digital wireless com-

munications that provided a freedom of mobility during communication. This para-

digm shift was realized through advances in the �eld of radio frequency (RF) en-

gineering and digital communications. Since then, an RF waveform is typically

deemed as an information carrier signal. This thesis deals with a wireless technology

that is regarded as the next wireless revolution[1], albeit in the power domain.

In this chapter, the motivation for this study and the scope of this thesis is dis-

cussed. Later, the research objectives of this thesis are presented, followed by a brief

explanation of the original scienti�c knowledge produced by this work. Next, the

contributions of the author of this thesis to the publications during the course of this

research study are summarized. Finally, the organization of the rest of this thesis is

discussed.

1.1 Motivation

The �fth generation (5G) mobile communication technology is being rapidly de-

ployed all around the globe[2]. While each new generation of wireless mobile tech-

nology is popularly known to offer a ten-fold increase in data rate, 5G is much more

beyond high data rates. It introduces an entire new ecosystem of services and appli-

cations, of which the most prominent and well-known is the concept of Internet of

Things (IoT). Internet of Things envisions a global network of trillions of sensors

connected by the internet, with applications in home automation, industrial asset

management, vehicular communications, retail, defense, medical implants, etc[3] .

Given the sheer volume of sensors deployed in any viable IoT network, two im-

portant challenges arise: providing a robust and low latency network, and maintain-

ing a reliable and sustainable energy source for the sensors. The former challenge is
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resolved by the 5G network with its wide bandwidth and one millisecond latency.

However, the latter issue remains unsolved. The traditional way of operating sensors

on single use batteries is not sustainable for the sensors of an IoT network since that

would generate enormous amounts of environmentally hazardous e-waste. Thus,

the IoT sensors require a replenishable energy source, which is available on-demand.

In recent years, far-�eld RF technology is being developed as an economically viable

solution to this challenge.

Traditionally, far-�eld RF radiation is thought to be impractical for delivering

power to simple sensors due to the large propagation losses in a wireless medium.

An obvious, naive solution to this problem is to transmit more power into the wire-

less environment. However, the amount of power that can be transmitted in a wire-

less medium is regulated in order to avoid interference to adjacent frequency bands

as well as to allow frequency reuse in the same frequency band beyond a certain

coverage area. While transmit beamforming[4–7] and re�ecting surfaces[8, 9] can

enhance the wireless power delivered to the receiver, their gain is still insigni�cant

compared to the propagation loss[P3]. So, the only way to realize an RF wireless

power transfer (WPT) system is to reduce the energy consumption of the sensors.

In this regard, Koomey's law[10] anticipated that the energy requirement for �xed

computing load would half every 1.5 years, which was later revised to 2.6 years[11]

and further to 1.2 years[12]. Such drastic fall in the energy consumption of simple

sensors over the last few decades rekindled the research interest in RF WPT. As a re-

sult, it is now feasible for an RF WPT transmitter to power sensors on demand[13,

14], and supercapacitors could suf�ce for temporary energy storage, thus averting

sensors from becoming hazardous waste after their working life.

The true technical challenge in WPT is to reduce the required transmission power

and overall energy losses enough so that the technology could be considered econom-

ically viable, sustainable, and safe. However, deploying an RF WPT system with the

sole purpose of delivering wireless power for sensors may hinder its feasibility in a

real-world scenario. The practicality of this technology could be realized by leverag-

ing the existing wireless communications' infrastructure for information and power

transfer at once, since the IoT sensors are usually communication transceivers as

well. Consequently, there has been signi�cant interest in the idea of RF simultane-

ous wireless information and power transfer (SWIPT)[15]. While RF WPT and RF

SWIPT concepts have shown the potential of being the next revolution in wireless
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technology, numerous challenges need to be addressed before these systems could be-

come viable. These include waveform optimization, design of various components

of such a system and their test-bed veri�cation.

1.2 Scope and Research Objectives

An RF WPT/ SWIPT system comprises a transmitter, several RF energy harvest-

ing (EH) receivers (with or without information retrieval capability), voltage man-

agement circuit and in some cases a chargeable battery/ supercapacitor. This the-

sis encompasses the experimental analysis, mathematical modeling and subsequent

waveform design for a WPT/ SWIPT system until the EH receiver stage in detail.

Nonetheless, the impact of a voltage management circuit is brie�y addressed in[P5].

In any WPT system, the primary goal is to maximize the amount of direct cur-

rent (DC) power that can be harvested at the receiver, while utilizing least possible

resources at the transmitter side. As a result, optimizing power ef�ciency is the cen-

tral theme in RF WPT research. The performance of an RF WPT/ SWIPT system

is impacted by numerous parameters, including the non-linearities during transmis-

sion, waveform features, EH circuit, impedance mismatch at the receiver. In order

to achieve optimal performance in RF WPT, it is essential to evaluate and model

the impact of these parameters. This requires system-level experimental analysis of

an RF WPT system, along with the traditional mathematical modeling and wave-

form design approach. By doing so, this thesis accomplishes the following research

objectives.

1. How to experimentally analyze the complete end-to-end (DC-to-DC) power ef�-

ciency of RF WPT with a low-cost yet practical hardware platform? The existing

RF WPT/ SWIPT test-beds[4, 5, 16–23] employ expensive scienti�c instru-

ments as transmitters which do not represent the limitations of a practical

transmitter in a real-world setup. In this thesis, a low-cost digital radio-based

test-bed, employing a Universal Software Radio Peripheral (USRP) 2900, is

developed to study the complete end-to-end power ef�ciency of RF WPT. Ad-

ditionally, the use of a digital radio ensures that the platform could be leveraged

for studying RF SWIPT. Furthermore, the effect of the transmitter power ef-

�ciency on the overall DC-to-DC power ef�ciency of RF WPT is explored by

accounting for the overall DC power consumption at the transmitter.
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2. How do the several waveforms proposed in literature for RF WPT fare in terms of

their end-to-end ef�ciency, over a digital radio-based RF WPT test-bed? The liter-

ature, assiduously summarized in[24], prominently suggests multisine signals

to be suitable for RF WPT. However, these studies ignore the impact of the

shortcomings of a low-cost transmitter on the transmitter (DC-to-RF) power

ef�ciency. This thesis studies the practical limitations of a USRP-2900 digital

radio while being employed as a wireless power transmitter and its impact on

the end-to-end power ef�ciency.

3. How to model the RF EH performance for any given RF energy harvester recti�er

circuit? The existing recti�er models[25–35] are either heuristic, or rely on im-

practical simplistic assumptions, or based on approximations of the Shockley-

diode equations. There is scope for a novel EH model that is valid over a wide

input power range. In this regard, this thesis undertakes an experiment-driven

approach to understand the several parameters that affect the receiver (RF-to-

DC) power ef�ciency in RF WPT, and thereby develop a notion for an EH

model that anticipates the average harvested DC power for any waveform.

4. Which waveforms are optimal for maximizing the output DC power in RF WPT

and RF SWIPT? In literature, the multisine signals are considered suitable for

RF WPT [24], whereas separate waveforms are recommended for power trans-

fer and information transfer in the case of RF SWIPT[23, 36]. This thesis ad-

dresses the research problem of waveform design for RF WPT and RF SWIPT

through mathematical optimization. The USRP test-bed allows experimental

evaluation of the RF WPT performance of any digital baseband signal, includ-

ing the information bearing communication signals.

1.3 Outcomes and Contributions

The main contribution of this thesis is a novelwaveform-to-energyharvesting model

that relates the average harvested DC power to the amplitude distribution of the in-

cident waveform. This is a parametric model that can accurately predict the output

DC power for any digital baseband waveform. The parameters are easy to determine

experimentally and the model is applicable for any RF EH receiver circuit. Besides

this novel model, the thesis provides several other contributions to the �eld of prac-

tical RF WPT/ SWIPT systems.
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Inline with the aforementioned research objectives, the contributions of this the-

sis are as follows.

1. A single-input multiple-output (SIMO) test-bed for RF WPT/ SWIPT is devel-

oped, comprising a USRP-based transmitter and an off-the-shelf Powercast RF

energy harvester. It is the �rst Linux-based GNU Radio RF WPT test-bed in a

C++ development environment. The test-bed allows measuring the transmit-

ter DC power consumption and thereby the true transmitter power ef�ciency.

Consequently, the test-bed is capable of evaluating the complete system-level

(DC-to-DC) ef�ciency for any digital baseband waveform. Furthermore, it

is also useful for the experimental analysis of the transmitter, channel and re-

ceiver power ef�ciencies in RF WPT, as well as for computing the error vector

magnitude (EVM) for the transmit waveforms.

2. The experimental analysis of waveforms using the RF WPT test-bed reveals

that the USRP transmitter (like any digital radio) clips high-PAPR waveforms

such as multisines. As a result, these high-PAPR signals are not longer suit-

able for RF WPT. Moreover, their transmitter power ef�ciency, and thus the

end-to-end power ef�ciency, is reduced due to clipping. Furthermore, the anal-

ysis shows that an information bearing quadrature phase-shift keying (QPSK)

modulated RF signal achieves the highest overall power ef�ciency.

3. The joint impact of input RF power, PAPR, and load resistance on the receiver

ef�ciency of multisine waveforms in RF WPT has been experimentally eval-

uated. Moreover, the effect of matching network variations on the receiver

power ef�ciency is also determined. The analysis aids in determining the ideal

waveform and load impedance setting for different input power range. The

receiver analysis serves as a basis to develop the novelwaveform-to-energyhar-

vesting model. The parameters for this model are obtained through exhaustive

experiments using the Powercast RF energy harvester, thus providing high pre-

cision data over a wide range of frequencies and power levels. Subsequently,

the model is able to accurately anticipate the average harvested DC power for

any digital baseband waveform.

4. Since thewaveform-to-energyharvesting model relates the output DC power

to the amplitude, phase and frequency of the input signal, the model is lever-

aged for waveform design at the transmitter, while considering the practical
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bandwidth and transmit power constraints. The resultant optimization prob-

lem yields a pulsed RF waveform for RF WPT and a continuous phase modu-

lated pulsed RF waveform for RF SWIPT. The pulsed phase-shift keying (PSK)

waveforms are shown to be optimal for RF SWIPT in terms of the receiver

power ef�ciency. While narrowing the pulse width is bene�cial for RF WPT,

it diminishes the system throughput for information transfer. The resultant

receiver ef�ciency—throughput trade-off is also analyzed in this thesis.

1.4 Author's Contributions to the Publications

This thesis is the culmination of seven scienti�c articles: two regular IEEE Transac-

tions papers ([P3] and[P7]) and �ve IEEE conference papers ([P1], [P2], [P4], [P5],

and[P6]), all of which are published and available on IEEE Xplore. In this section,

the contribution of the author of this thesis, henceforth referred to as the Author,

in these publications are speci�cally highlighted. Moreover, the contribution of the

Author's publications toward the composition of this thesis is discussed.

The Author is the �rst author and main contributor in all the publications ([P1]—

[P7]). The idea for this research project was envisioned by Associate Professor Taneli

Riihonen, who is also the Author's supervisor for this work and a co-author in all

the publications. He suggested the idea of developing a data-based model of the rec-

ti�er that could be used for waveform optimization. He also assisted the Author

in several technical discussions during the course of this work and provided valu-

able feedback for the articles during the writing phase. Moreover, he advised the

Author on the journals and conferences to target. The Author is responsible for

developing the theories presented in this thesis and implementing the test-beds, as

well as conducting all the experiments. The Author has developed thewaveform-

to-energyharvesting model based on the notion attained through experiments. The

Author, subsequently, utilized the model to formulate the waveform optimization

problem and deduced the pulsed RF waveforms to be optimal for RF WPT. The

idea of extending the optimal RF WPT waveforms to RF SWIPT and examining

the ef�ciency—throughput trade-off thereof was devised by the Author as well. The

Author has written this thesis and updated it based on his supervisor's feedback.

The supporting contributions of the other collaborators are as follows. The re-

search work for the articles[P1] and[P3] was carried out in collaboration with M.Sc.
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Marcelo Fabián Trujillo Fierro and Dr. Markus Allén. The initial USRP-based RF

WPT test-bed was developed by M.Sc. Marcelo Fabián Trujillo Fierro for his M.Sc.

thesis[37] as a proof of concept. The Author later improved the test-bed for wire-

less measurements and updated it to interface with different equipments necessary

for evaluating the end-to-end ef�ciency of any digital baseband waveform for varying

USRP gain settings and load. The technical guidance related to the test-bed and the

the lab equipments was provided by Dr. Markus Allén. The research work for the

articles[P5] and[P7] was carried out in collaboration with Dr. Mikko Heino, who

provided his technical expertise in the use of simulations for circuit analysis, which

proved to be crucial in developing the notion for thewaveform-to-energyharvesting

model.

1.5 Structure of the Thesis

The remainder of this thesis is organized as follows.

Chapter 2 presents a survey of WPT. It discusses the different forms of WPT along

with their bene�ts and shortcomings and draws out the scope for original contribu-

tion in the �eld of RF WPT. Later, the technical challenges in implementing a viable

RF WPT system are discussed and the real-world applications of RF WPT are pre-

sented. Furthermore, the possibility to transmit power and data at once is explored

and the challenges thereof are discussed. Afterward, a literature review on RF WPT

and SWIPT is presented and the interesting research problems thereof are analyzed.

The shortcomings in the literature and discussed as well. Chapter 2 concludes with

a brief overview of different companies/ start-ups working in the �eld of RF WPT

and their disruptive products.

Chapter 3 explains the general system model employed throughout this thesis.

The block diagram for a SIMO RF SWIPT system, which inherently comprises an

RF WPT system, is discussed and all the relevant power transfer ef�ciencies are de-

�ned. Furthermore, Chapter 3 presents the different test-beds used during the course

of this research work along with their hardware con�gurations. The procedure to

determine different power ef�ciencies as well as the method to assess the impact of

different parameters on the transmitter and receiver ef�ciency is demonstrated.

Chapter 4 focuses on the receiver side of an RF WPT/ SWIPT system. It be-

gins with the discussions on the parameters affecting the receiver power ef�ciency
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Figure 1.1 Flowchart showcasing the structure of the remainder of this thesis along with the associated

original publications.

through experimental analysis[P4], [P5].The analysis lays the foundation for devel-

oping the novelwaveform-to-energyharvesting model. The various parameters of

this parametric model are explained along with the procedure to determine them.

Finally, the experimental results that corroborate the ef�cacy of thewaveform-to-

energyharvesting model are presented[P7].

Chapter 5 concentrates on the transmitter side of an RF WPT/ SWIPT system.

At �rst, the imperfections of a USRP transmitter are discussed followed by the as-

sessment of their impact on the transmitter power ef�ciency[P2]. Secondly, the

waveform-to-energyharvesting model developed in Chapter 4 is leveraged to design

optimal transmit waveform for RF WPT and RF SWIPT. Next, the solution of the

constrained optimization problem is veri�ed through experiments[P7]. In the case

of RF SWIPT, the receiver power ef�ciency—throughput trade-off for the optimal

waveform is discussed[P6].

Chapter 6 considers the end-to-end (DC-to-DC) performance of the entire RF

WPT system. At �rst, the experimental setup for the wireless measurements to eval-

uate the end-to-end power ef�ciency is showcased. Later, the observations and results

for the end-to-end ef�ciency of WPT-speci�c multisine waveforms[P1] as well as in-
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formation bearing communication signals are presented, for varying channel condi-

tions and transmitter-receiver distances[P3]. Afterward, the experimental outcomes

are compared with the results of the waveform optimization problem. The transmit-

ter, channel and receiver power ef�ciencies are evaluated separately as well and their

contribution to the overall power ef�ciency is assessed.

Chapter 7 concludes this thesis by highlighting the main outcomes of this re-

search work. The outcomes correspond to the research objectives discussed in this

chapter. Moreover, Chapter 7 also provides insights on the possible future directions

to extend the outcomes of thesis as well as the scope for interdisciplinary research in

IoT networks that are powered wirelessly.

An overview of the structure of the remaining chapters of this thesis is depicted

in Fig. 1.1.
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2 WIRELESS POWER TRANSFER — A SURVEY

In general, wireless power transfer (WPT) refers to transmission of energy from the

transmitter to the receiver without the use of wires as a physical medium. It dif-

fers from energy harvesting (EH) where there is no dedicated power transmitter and

ambient energy is harvested. In this chapter, a survey of different WPT technolo-

gies is presented with a focus on RF WPT and RF SWIPT. The literature on RF

WPT/ SWIPT relevant to this thesis is discussed along with a review of the existing

test-bed implementations. Afterward, a brief overview of the commercially available

RF WPT products is provided.

2.1 Different forms of WPT

The wire-free power transfer from the source to the intended receiver can be broadly

classi�ed into the following three categories based on the transmitter—receiver sep-

aration.A survey of the various wireless charging technologies is presented in[38].

Let us brie�y overview these WPT technologies including their bene�ts and limita-

tions.

2.1.1 Short-range and Mid-range WPT

The WPT over small distance, within about one wavelength of the transmitter, falls

in this category. The area is referred to as the near-�eld region, wherein the oscillat-

ing electric and magnetic �elds are not orthogonal. The power is transferred wire-

lessly between the transmitter and the receiver through coupling[39]. In inductive

coupling , the power is transferred via magnetic �eld[40] whereas in capacitive cou-

pling the power is transferred through electric �eld.[41] The transmitter comprises

an alternating current (AC) source connected to either magnetic coil (inductive cou-

pling) or metal plates (capacitive coupling). In the near-�eld region, the magnetic

coils (or metal plates) act as antennas[42].
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While short-range WPT refers to a transmitter—receiver separation of about an

inch, mid-range WPT refers to about 1� 2 m separation. Short-range WPT is solely

based on magnetic induction coupling, while mid-range WPT works on the princi-

ple of magnetic resonance-based inductive coupling[43, 44]. In resonant inductive

coupling, power is transferred wirelessly between two resonant circuits, comprising

two similar coils with either lumped or internal capacitance. The WPT occurs be-

tween two coils while they resonate at the same frequency. Basically, the transmitter

operates at the resonant frequency of the receiver in resonant coupling[45]. The

term inductive coupling is used here since the power is transferred via magnetic �ux

lines.

Each of these near-�eld technologies has their own advantages and limitations[46–

49]. While inductive coupling is easier to implement, resonant coupling provides ex-

tra degrees of spatial freedom. Inductive coupling relies on tight coupling between

the transmitter and receiver coils and provides higher power transfer ef�ciency than

resonant coupling, which relies on loose coupling between the transmitter and re-

ceiver coils. A popular application of near-�eld WPT is a wireless charging pad.

The modern Qi compliant chargers support charging through inductive as well as

resonant coupling[50]. If the charging device needs to be perfectly aligned with the

pad (usually through a magnetic lock)[38], then the charging mechanism is inductive

coupling, whereas the charging pads that can simultaneously charge multiple devices

placed anywhere on the pad rely on resonant coupling[51, 52]. A few other popular

commercial applications of near-�eld WPT include inductive toothbrush[53], elec-

tric bike [54], wearables[55, 56], and bio-implants[57–59]. However, both these

coupling technologies fare poorly if the transmitter and receiver coils are placed or-

thogonal to each other, since that orientation minimizes the magnetic �ux passing

from primary to secondary coil. Short-range WPT has its own speci�cations[60]

and a separate Qi standard[61] adopted by the Wireless Power Consortium, whereas

mid-range WPT is regulated by the AirFuel alliance[62]. The practical applications

of capacitive coupling are limited because of the very high voltages between the metal

plates that can be unsafe. Furthermore, unlike magnetic �eld, the electric �eld is

prone to absorption by human body and thus poses the danger of radiation expo-

sure[42]. Nonetheless, the near-�eld technologies cannot provide the freedom of

mobility or long-range during charging. These issues can be resolved through far-

�eld WPT.
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2.1.2 Far-Field WPT

The far-�eld region refers to the area roughly one wavelength beyond the transmit-

ting antenna where the electric and magnetic �elds are orthogonal to each other.

Thus, in far-�eld or radiative WPT, power is transferred wirelessly as electromag-

netic radiation. The most common types of far-�eld WPT are microwave power

transfer[63] and laser power transmission[42, 64]. While the former refers to WPT

in the RF and millimeter wave spectrum[65], the latter refers to WPT in the infrared

or visible light spectrum through a laser beam.

A typical microwave power transfer system comprises a transmitter that converts

the electrical power at the source to microwave radiation that is transmitted over

a wireless medium. The receiver consists of an energy harvesting receiver with a

diode-based recti�er and a load. While RF WPT usually utilizes the 800 MHz to

6 GHz spectrum, the millimeter WPT applications employ the 24 GHz frequency

band or the 96 GHz band. While the latter enjoys the bene�t of much smaller com-

ponent sizes, narrow beam, and higher capacity, it suffers from shorter range due to

very high attenuation and absorption at millimeter wave frequencies[66–68]. Even

RF WPT suffers from high attenuation and only a small fraction of the transmitted

power reaches the receiver. However, the drastic reduction in the energy require-

ments of simple sensing devices in accordance with Koomey's law[10] has made

RF WPT feasible. The primary challenge in an RF WPT system is to optimize the

end-to-end system-level power ef�ciency so that the technology could be considered

economically viable as well as sustainable. This includes maximizing the receiver

power ef�ciency as well as the optimal waveform design at the transmitter. These

topics are addressed in Chapters 4, 5 and 6. An RF WPT system is usually connected

to a battery or a supercapacitor for power storage.

A laser power transmission system involves use of visible light or infrared light to

transfer power to a photovoltaic cell receiver. A laser beam is highly directional and

coherent, and thus has very low dispersion losses. Moreover, a laser beam can also

be modulated to carry information through pulse intensity modulation and thus is

suitable for SWIPT as well. Nonetheless, a laser beam is more prone to atmospheric

absorption which may even result in complete loss of signal. Moreover, a high inten-

sity laser beam is hazardous to living beings. Consequently, laser power transmis-

sion has limited application in terrestrial WPT. Laser power transmission has shown

potential in applications such as energy delivery to small aircrafts, robots[69] and
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orbiting satellites[70]. An interesting research area for far-�eld WPT is the space

solar power system, wherein the satellites placed in earth's orbit utilize their photo-

voltaic cells to harvest solar energy, and the harvested energy is then transmitted to

ground station via microwave or laser radiation[65, 71].

2.2 RF SWIPT

While RF WPT is a promising technology that could bring about the next revolution

in wireless domain, its adaptability in a real-world scenario might be limited if the

system is solely utilized for transmitting power. The primary hurdle would be the

huge capital investments that need to be incurred to deploy a multitude of wireless

power transmitters that are suf�cient enough to power the trillions of IoT sensors

worldwide. However, the existing wireless communications infrastructure can be

leveraged to adapt to the needs of an RF WPT system. The far-�eld RF signals are

already employed for carrying information. The same RF signals could be utilized

for extracting power by an RF EH receiver. This gives rise to the concept of RF

SWIPT[72]. A survey of the existing and future challenges of SWIPT, and potential

applications in 5G and next-generation networks are covered in[73–76].

2.2.1 Different Modes of Operation

An RF SWIPT system comprises a digital-radio transmitter that radiates a signal car-

rying both information and power towards the receivers. The receivers comprise

either stand-alone or co-located communication node and RF energy harvester (cf.

Fig. 3.1). In the latter case, the combined incoming signal is directed towards the

communication and EH nodes using either power-splitting (PS) or time-splitting

(TS) technique. In the PS technique, a portion of the total received power (say� )

is diverted towards the RF energy harvester, whereas the remaining 1� � portion

of the total received power is provided for information decoding. Conversely, in the

TS technique, at any given time instant, the entire received RF power is available

either for information decoding or for EH. Out of the total transmission time in-

terval Ttotal, the energy harvester utilizes the incoming RF signal for time duration

TEH (TEH < Ttotal), while the communication receiver accesses the RF signal for the

remainderTtotal � TEH time duration. In practice, power-splitting and time-splitting

are achieved by a power-splitter and an RF switch, such as[77] and[78], respectively.
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2.2.2 Feasibility

As discussed in the introduction of this section, an RF SWIPT system is a more

economically feasible option to achieve RF WPT. However, the implementation

comes with its own challenges. One such challenge is the largely different sensi-

tivities of communication and EH receivers. The wireless communication technol-

ogy has evolved to retrieve information from a signal whose power is lower than

� 80 dBm, whereas the state-of-the-art commercially available RF energy harvesters

have the detection threshold ranging from� 30 to � 15 dBm[23, 79, 80]. Conse-

quently, transmitter-receiver distance is much lower in RF SWIPT as compared to

a general wireless communication system. A few practical implementations of RF

SWIPT include the networking paradigms of wireless powered communication[81–

84] and backscatter networking[85–87]. In these applications, wireless energy is

harvested in the downlink and the resultant recti�ed DC power is utilized by the

transceiver to transmit information in the uplink[1].

2.3 Literature Review

While the real-world adoption of RF WPT solutions is recently gaining traction,

there is already substantial academic research available on the topics of RF WPT,

RF SWIPT, and RF EH. A majority of these research works focus on the topics of

rectenna (a portmanteau for the combination of a receiver antenna and an RF diode-

based recti�er) design, waveform design, beamforming algorithms, link-level analy-

sis, and optimization. An exhaustive survey of these research works is covered in[7,

24, 72, 75, 88–98]. Let us brie�y overview the available literature for the research

topics relevant to this thesis.

2.3.1 Waveforms for RF WPT and RF SWIPT

While an RF EH receiver can harvest DC power from any RF signal, the ef�ciency

of power conversion varies for different waveforms, input RF power, and frequen-

cies[99]. The experimental analysis in[100] suggests high-PAPR multisine signals to

be better than orthogonal frequency-division multiplexing (OFDM) signals, chaotic

signals, and harmonic signals, for maximizing the RF-to-DC power conversion ef-

�ciency. However, a typical multisine signal does not carry any information and
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is thus irrelevant for RF SWIPT. Instead, a multisine frequency-shift keying (FSK)

signal is employed for SWIPT in[17]. Here, the frequency spacing of the sinusoids

encode the information, thereby allowing the use of high-PAPR signals for achieving

high receiver power ef�ciency as well as high throughput.

In another approach, separate signals are employed for information and power

transfer in RF SWIPT[23]. A quadrature amplitude modulation (QAM) and PSK-

modulated OFDM signal is employed for information transfer, whereas a multisine

signal is employed for power transfer. In such a scenario, the SWIPT receiver needs to

implement TS scheme to segregate the information and power signals. Furthermore,

the unused subcarriers of an OFDM symbol can be utilized for transmitting multi-

sine signal, thus generating a waveform with superimposed power and information

signals. However, it also leads to enhanced decoding complexity at the communi-

cation node. In each of the aforementioned research works, the impact of the non-

linearities at the transmitter on the power ef�ciency of multisine signals is ignored.

While a multisine signal yields high receiver power ef�ciency, the complexities as-

sociated with transmission of multisine signal from the transmission, and thus the

end-to-end, power ef�ciency perspective need to be examined. These are explored

in Chapter 5 of this thesis.

2.3.2 Linear and Non-linear recti�er models

The receiver side of an RF WPT system is where most of the existing research con-

tribution is concentrated; speci�cally on optimizing the receiver performance. A

typical RF WPT receiver comprises an antenna, a matching network, a recti�er and

a load. A precise mathematical model of the receiver is essential for optimizing the

receiver performance in RF WPT. The initial work on recti�er modeling was based

on a linear model[101]. The linear model is pretty basic and simply relates the av-

erage harvested DC power (PDC
out ) with the average incident RF power at an RF EH

harvester (PRF
inEH

) by a constant 0� � linear � 1 asPDC
out = � linearP

RF
inEH

. The linear model

does not truly capture the behavior of a recti�er comprising a non-linear diode. In

fact, the linear model is only valid in the lowPRF
inEH

range when the voltage across the

diode is minuscule[24]. Furthermore, the linear model does not associatePDC
out with

the characteristics of the incident waveform such as amplitude, frequency, phase and

is thus not useful for waveform optimization. Nonetheless, the linear model has

been extensively used for analyzing RF WPT/ SWIPT systems[80, 89, 102–108].
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On the contrary, the non-linear EH models characterize the recti�er behavior in

different PRF
inEH

regimes[24, 26]. The non-linearity of the diode is truly modeled by

the higher order terms of the input signal. In general, the non-linear models repre-

sentPDC
out as a polynomial of the input signal. These can be broadly classi�ed into

two types: heuristic parametric models and Shockley diode equation-based models.

The former represent power-to-power models that are a non-linear extension of the

linear models just addressed. These relatePDC
out to PRF

inEH
through a non-linear expres-

sion whose parameters are determined based on the measurement data. In[28], the

harvested powerPDC
out is represented as a polynomial ofPRF

inEH
, where the polynomial

coef�cients are determined by curve-�tting. Likewise, the EH models in[27] utilize

a polynomial fraction to relatePDC
out to PRF

inEH
. A non-linear model for the satura-

tion region of operation is presented in[25], where a sigmoid function is used for

curve-�tting. Furthermore, the receiver power ef�ciency is modeled as a function of

PRF
inEH

using a heuristic expression in[26]. Similar to the linear models, these models

do not relatedPDC
out with the incident waveform's characteristics and are thus futile

for waveform optimization. However, such models are useful for determining the

power allocation at the transmitter side[29, 30] as well as for analyzing the rate—

energy trade-off in RF SWIPT[109–111].

The non-linear recti�er models that rely on the Shockley equation for a single

diode representPDC
out as an expression in terms of the parameters of the transmit

signal, and are thus suitable for transmit waveform design[36, 112]. Some of these

utilize Taylor series expansion for the exponential term of the Shockley equation[31,

32]. However, for practical implementation, the resultant in�nite series is truncated

at a certain order based on tolerable error. In a different approach, the Shockley

equation is used to represent an expression in terms of the currents and voltages.

The solution for PDC
out is obtained numerically[33] or in the form of a Lambert W

function [113]. These models consider perfect matching between the antenna port

and the recti�er input, and thus neglect the impact of input impedance mismatch

at the receiver. A comparison of the various non-linear EH models is presented in a

tabular form in [P7], whereas a novel model for a non-linear EH receiver is developed

in Chapter 4.

17



2.3.3 Input Impedance Mismatch

The antenna of an RF EH receiver captures the incident electromagnetic radiation

and produces an equivalent voltage at its antenna port. It is common knowledge in

circuit theory that the source impedance must be matched to the load impedance for

maximum power transfer from the source to the load. On similar lines, in an RF

EH receiver, the output impedance of the antenna port must be matched to the in-

put impedance of the recti�er (Zin) for maximum power transfer from the antenna to

the recti�er. A matching network serves this purpose. Input impedance mismatch

results in the input signal being re�ected back towards the antenna. This is charac-

terized by the scattering parameter analysis through the re�ection coef�cient (S11).

A typical matching network is usually matched to a single input power, frequency

and load impedance of the RF energy harvester. However,PRF
inEH

is dynamic in a

real-world scenario. TheS11 analysis of a rectenna reveals that the mismatch varies

signi�cantly with PRF
inEH

, asZin varies non-linearly withPRF
inEH

[89, 114–116].

The �uctuation in Zin due to the dynamicPRF
inEH

is usually mitigated through re-

sistance/ impedance compression networks (RCNs/ ICNs) [117–120]. However, the

RCNs operate over a limitedPRF
inEH

range where the input impedance of the recti�ers

is purely resistive. The RCNs/ ICNs are typically used at highPRF
inEH

levels. Further-

more, they are not designed for a wide range of load values[117]. Moreover, the

inclusion of additional RCNs/ ICNs to the matching network circuit enhances its

complexity and size.

The impact of the input impedance mismatch on the receiver power ef�ciency in

RF WPT is discussed in Chapter 4.

2.3.4 Waveform Optimization

The non-linear EH models that characterizePDC
out in terms of the input signal param-

eters such as amplitude, frequency and phase are suitable for designing waveforms

optimal for RF WPT and RF EH. In particular, the non-linear models in literature

are useful in determining the amplitude[33] and phase[32] for multitone waveforms

for maximizing PDC
out in RF WPT. In the case of a frequency selective wireless chan-

nel, the knowledge of the channel state information (CSI) at the transmitter plays a

crucial role in waveform design. In such a scenario, waveform optimization in the

presence of complete[31, 35], partial [6, 34, 121, 122] and no[123] knowledge of
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CSI is considered in literature. With no CSI available, the transmitter can opt for

transmit diversity [123]. Moreover, the problem of communication and signal de-

sign for optimizing the end-to-end transmission in RF WPT is presented in[36].

The waveform optimization problems discussed thus far do not design the baseband

frequencies. Instead, the baseband signal is assumed to be a multisine with evenly

spaced frequencies and the waveform optimization is reduced to determining the am-

plitudes and phases of the individual tones of a multisine. Naturally, the bandwidth

constraint is neglected as well. Furthermore, these optimization problems are based

on recti�er models derived from a single-diode recti�er circuit. These problems are

addressed in more detail in Chapter 5.

2.3.5 Test-beds

Now, let us review some of the RF WPT[4, 5, 16, 18–22] and RF SWIPT[17,

23] test-beds available in literature. A test-bed for harvesting energy simultaneously

from RF energy, thermal energy, and solar energy is depicted in[16]. The charging

time of an RF EH circuit for communication signals such as amplitude-shift keying

(ASK), QAM, PSK, and FSK was evaluated in[18], where a 4-ASK signal is found to

yield the shortest charging time in thePRF
inEH

range of 1 dBm to 10 dBm. The impact

of charging protocols on the charging ef�ciency of an RF energy harvester while em-

ploying multiple power transmitters and energy harvesters is explored in[19]. The

charging protocols ensure that all the power sources are equally utilized.

The impact of antenna orientation and beamforming on the harvested energy is

evaluated experimentally in[4, 5, 20, 21]. The experiments in[20] suggest thatPDC
out

is minimal when the transmitter and receiver antennas are orthogonal to each other.

The concept of charging local sensors from all the directions is explored in[21].

However, such an approach would lead to unnecessary RF exposure in the direc-

tions where the sensors are not present. With regards to beamforming, the max-

imization of PDC
out in a multiple-input single-output RF WPT setup through blind

adaptive beamforming[4] and distributed beamforming[5] has been explored. The

beamforming weights in[4] are updated as per the feedback from the energy har-

vester to maximizePDC
out . The use of multiple transmit antennas increases the range

of RF WPT [4].

The �rst closed-loop prototype for RF WPT was showcased in[22], and later im-

proved in [124]. The pilot-based feedback was utilized for channel estimation and
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Table 2.1 Companies leading the RF WPT revolution.

Organization Product details Details

Powercast[126]
Powerspot®,
Ubiquity ® 915 MHz transmitter with 3 W EIRP

PCC110, P2110b
RF-to-DC converter chip and module, respectively,
with up to 75% power ef�ciency

RFID sensor tag
RF WPT enabled temperature, humidity, and light
sensors

Energous[127]
WattUp® Power-
bridge

2.45 GHz transmitter with 1 W or 5.5 W output
power

WattUp®EN2223
4-port wireless power receiver with single port max-
imum power ef�ciency of 74%

Ossia[128] Cota® transmitter 5.8 GHz power transmitter

Cota® QRx 5.8 GHz wireless power receiver

Cota® power ta-
ble

RF WPT powered table providing Qi inductive
charging

Aeterlink [129]
AirPlug®

transceiver
920 MHz transmitter with 1 W output power and a
2.45 GHz data receiver

AirPlug® sensor
RF wireless power receiver with operating power
< 0.3 mW

Wiliot [130] IoT Pixels
Battery-free sensing and compute devices that har-
vest energy from Bluetooth signals at 2.45 GHz

GuRu [131]
RF WPT evalua-
tion kit

24 GHz (millimeter wave) transmitter and receiver
with smart lensing (RF beamforming)

Freevolt [132] Smart card
Payment card that harvests energy from NFC, cel-
lular and WiFi signals

the CSI was subsequently used for optimizing the amplitude of the individual tones

in a multisine signal. Moving on to RF SWIPT test-beds, the use of a multitone FSK

signal for SWIPT was experimentally studied in[17], where the frequency spacing

between the tones encodes the information. The rate—energy trade-off in SWIPT

systems has been studied in[23] using multisines for WPT and OFDM signals for

information transfer. The aforementioned test-beds use expensive scienti�c instru-

ments such as vector signal transceiver (VST) as a transmitter (and as information

decoder in[23]). The use of a low-cost digital radio such as a universal software radio

peripheral (USRP) 2900, that is most widely used as prototyping device in wireless

test-beds, is explored in Chapter 6. An overview of more such test-beds is available

in [125].
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2.4 Commercially available RF WPT products

The practical adoption of RF WPT is increasing rapidly in recent years with a num-

ber of commercial products available that are designed for charging IoT sensors.

These have applications in asset tracking in industrial and retail IoT, non-invasive

patient monitoring in hospitals, ambient environment monitoring in vehicles, resi-

dential and commercial units, etc. In this section, an overview of the leading compa-

nies in the �eld of RF WPT along with their feature products is presented in a tabular

form in Table 2.1. The product details include the frequency band of operation and

the effective isotropic radiated power (EIRP) in some cases where information is

available.

A majority of the companies in Table 2.1 have introduced a wireless power trans-

mitter in the ISM or the WiFi band, with the output power ranging from 1 W to

5.5 W. These power transmitters are capable of charging multiple WPT receivers at

once. Each company has developed their unique WPT receiver that harvests energy

from the dedicated power transmitter[126–129] or ambient WiFi [132] or Bluetooth

signals[130]. Most of these receivers are part of sensing devices that are designed for

asset tracking, inventory management, building management, etc.

The current commercial RF WPT technology caters to the basic problem of pow-

ering the sensors wirelessly to assist them in their sensing and communication tasks.

Nonetheless, the potential of RF SWIPT remains to be explored commercially.
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3 SYSTEM MODEL AND TEST-BEDS

An RF SWIPT system inherently encompasses an RF WPT system. In a practical

scenario, an RF SWIPT system comprises a digital transmitter, an external power

ampli�er, an RF energy harvesting receiver and a communication receiver. The en-

ergy harvester and the communication receiver could either be co-located or separate

based on the network topology. On similar lines, the network could consist of sev-

eral transmitters and/ or receivers. This thesis studies RF WPT/ SWIPT for a generic

SIMO system, as shown in Fig. 3.1. In this chapter, the block diagram of a typical

RF SWIPT depicted in Fig. 3.1 is used as a reference to present the end-to-end system

model as well as to discuss the various test-beds developed.

3.1 End-to-end System Model of an RF SWIPT System

An RF WPT/ SWIPT system comprises numerous components, each of which alters

the signal as it traverses through. At the transmitter side, the source generates digital

baseband samples of the waveform. These complex-valued samples are then supplied

to an IQ modulator (not necessary in an RF WPT system), where the samples are

�rst converted to a complex analog signal, which then modulates the in-phase (I) and

quadrature (Q) carrier signal. The modulated signals are later combined to produce

the RF signal for transmission. The transmitter usually consists an internal power

ampli�er (PA I) with variable power gain. However, the ampli�cation by the PAI is

insuf�cient for transmission over a wireless medium due to the large propagation

losses. Consequently, a �xed gain external power ampli�er (PAE) is necessary. The

output of PAE is transmitted wirelessly by an antenna.

At the receiver side, an antenna captures the RF signal. A simple communication

receiver would utilize the signal solely for information retrieval, while a simple RF

energy harvester would utilize the RF signal only to generate DC power. Alterna-

tively, an RF SWIPT receiver is capable of employing the received signal either for
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Figure 3.1 Block diagram of a typical RF SWIPT system comprising a digital radio transmitter, an ex-

ternal power ampli�er, and multiple communication and energy harvesting receivers. The

communication receiver and energy harvester could be co-located or separate.

information decoding or RF energy harvesting or both simultaneously, depending

on the architecture. As discussed in Section 2.2.1, a SWIPT receiver uses either PS

or TS technique to distribute the received RF power to its communication and EH

blocks. Let us now present the signal �ow from transmitter to the receiver symbol-

ically. Without loss of generality, the digital baseband signal at the transmitter is

assumed to be a complex-valuedN-tone multisine waveform given as

x(t ) = xI(t ) + j xQ(t )

=
NX

n= 1

An exp[ j 2� fn t + j � n] , (3.1)

whereAn, fn and� n represent the amplitude, the baseband frequency and the phase

of the nth tone, respectively. The rationale behind opting for a multisine waveform

is as follows. Based on the Fourier series interpretation, a multisine waveform can

approximate any signalx(t ) (a periodic signal or a periodic extension of an aperiodic

signal). Moreover, asN ! 1 , a multisine waveform can accurately representx(t ).

The baseband signalx(t ), with time period T , undergoes IQ modulation and

generates an RF waveform at carrier frequencyfc. The output of the IQ modulator

undergoes ampli�cation by PAI and PAE and the resultant output RF waveformx̂(t )

is given as

x̂(t ) =
p

2
NX

n= 1

An cos(2� ( fc + fn) t + � n) , (3.2)
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having an average output RF powerPRF
out , which is expressed as

PRF
out =

1

T

Z T

0
x̂2(t )dt =

1

T

Z T

0
jx(t )j2dt =

NX

n= 1

A2
n. (3.3)

It must be noted that (3.3) is a direct consequence of Parseval's theorem and thus

holds for multisine signals de�ned in (3.1) as well, regardless of the amplitude, fre-

quency and phase of the individual tones, given that the tones have distinct frequen-

cies. The DC-to-RF power ef�ciency at the transmitter can now be de�ned as the RF

waveform generation ef�ciency, which is the ratio of the average output RF power

to the total DC power supplied at the transmitter (PDC
in ), and can be expressed as

� DC-to-RF =
PRF

out

PDC
in

. (3.4)

The ampli�ed RF signal transmitted by the antenna traverses a wireless medium with

channel responseĥ(t ) and arrives at the receiving antenna. The wireless medium

attenuates the transmitted signal and results in a phase shift depending on the chan-

nel type. A generic frequency-selective slow-fading channel would impact both the

amplitude and phase of the individual tones of a multisine signal. The RF-to-RF

channel ef�ciency can be de�ned as the overall RF transmission ef�ciency between

the transmitter's and receiver's antenna connectors, and given by

� RF-to-RF=
PRF

in

PRF
out

, (3.5)

wherePRF
in is the average input RF power at the input port of the SWIPT receiver.

The corresponding RF signal at the input port of a SWIPT receiver can be expressed

as

ŷ(t ) = ĥ(t ) � x̂(t ) + ŵ(t )

=
NX

n= 1

Ân cos
�
2� ( fc + fn) t + �̂ n

�
+ ŵ(t ), (3.6)

whereŵ(t ) represents circularly symmetric complex Gaussian (CSCG) noise at the

receiver, whileÂn = An jHn j and�̂ n = � n + \ Hn encapsulate the effect of channel

on the individual tones of the multisine signal.
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Let ŷC(t ) andŷP(t ) represent the input RF signal at the internal communication

node and the RF energy harvester, respectively. Now, in the case of PS technique

being implemented at the SWIPT receiver, the average input RF power at the input

of the energy harvester (PRF
inEH

) and the communication node (PRF
inCN

) is given by

PRF
inEH

= � PRF
in , 0 � t � Ttotal,

PRF
inCN

= ( 1� � ) PRF
in , 0 � t � Ttotal, (3.7)

where� is the PS coef�cient as de�ned in Section 2.2.1. Alternatively, if the SWIPT

receiver implements TS architecture, the input RF power levelsPRF
inEH

andPRF
inCN

can

then be expressed as

PRF
inEH

= PRF
in , PRF

inCN
= 0, 0� t � TEH ,

PRF
inCN

= PRF
in , PRF

inEH
= 0, TEH < t � Ttotal. (3.8)

The further signal processing from a information decoding perspective is already

well established and hence not repeated here. Moving on to the energy harvesting

receiver, from an RF EH perspective, the receiver noise power is much lower than the

sensitivity threshold of practical RF energy harvesters[79, 80]. Consequently,ŵ(t )

is usually disregarded in RF EH literature, as summarized in[24]. As a consequence,

the RF signal at the input of the RF energy harvester (ŷP(t )) can be approximated as

ŷP(t ) �

8
>>><

>>>:

p
�

P N
n= 1 Ân cos

�
2� ( fc + fn) t + �̂ n

�
, 0 � t � Ttotal (PS),

8
<

:

P N
n= 1 Ân cos

�
2� ( fc + fn) t + �̂ n

�
, 0 � t � TEH (TS),

0, TEH < t � Ttotal (TS).

(3.9)

The baseband signal corresponding toŷP(t ) can be expressed as

yp(t ) =

8
>>><

>>>:

p
�

P N
n= 1 Ân cos

�
2� fn t + �̂ n

�
, 0 � t � Ttotal (PS),

8
<

:

P N
n= 1 Ân cos

�
2� fn t + �̂ n

�
, 0 � t � TEH (TS),

0, TEH < t � Ttotal (TS),

(3.10)
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while the equivalent envelope signal is given by

ype
(t ) =

p
2jyp(t )j, (3.11)

where j � j represents the absolute value function. The instantaneous power of this

envelope signal can be expressed as

p(t ) = y2
pe

(t ) = 2jyp(t )j2. (3.12)

Now, the average input RF power for the energy harvester is given as

PRF
inEH

= Ef ŷP(t )2(t )g

=

8
>>><

>>>:

� PRF
in , 0 � t � Ttotal (PS),

8
<

:

PRF
in , 0 � t � TEH (TS),

0, TEH < t � Ttotal (TS),

(3.13)

where Ef�g represents the expectation operator. Now, ifĥ(t ) represents a generic

frequency-selective slow-fading channel, the average RF power received by the en-

ergy harvester can be denoted as

PRF
inEH

=

8
>>><

>>>:

�
P N

n= 1 A2
n jHn j2, 0 � t � Ttotal (PS),

8
<

:

P N
n= 1 A2

n jHn j2, 0 � t � TEH (TS),

0, TEH < t � Ttotal (TS).

(3.14)

The input signal to the energy harvesterŷP(t ) generates an instantaneous output

voltagevout(t ) across its load. The average harvested DC voltage (V DC
out ) is the root

mean square (RMS) value ofvout(t ), and is expressed as

V DC
out =

vut 1

T

Z T

0
v2

out(t )dt . (3.15)

Now, given a resistive loadRL , the average DC power harvested by the RF energy

harvester (PDC
out ) is given by

PDC
out =

(V DC
out )2

RL
. (3.16)
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The RF-to-DC receiver ef�ciency for RF energy harvester is the power conversion

ef�ciency at the receiver's RF energy harvester, and is given as

� RF-to-DC =
PDC

out

PRF
inEH

=
(V DC

out )2

RL
P N

n= 1A2
n jHn j2

. (3.17)

Finally, using (3.4), (3.5), (3.13) and (3.17), the overall end-to-end (DC-to-DC) power

ef�ciency of such an RF SWIPT system is given by

� DC-to-DC =
PDC

out

PDC
in

=

‚
PRF

out

PDC
in

Œ

�

‚
PRF

in

PRF
out

Œ

�

 
PRF

inEH

PRF
in

!

�

 
PDC

out

PRF
inEH

!

=

8
>>><

>>>:

� DC-to-RF � � RF-to-RF� � � � RF-to-DC, 0 � t � Ttotal (PS),
8
<

:

� DC-to-RF � � RF-to-RF� 1� � RF-to-DC, 0 � t � TEH (TS),

0, TEH < t � Ttotal (TS).

(3.18)

This completes the general overview of the end-to-end system model for an RF

SWIPT system. Next, the different hardware test-beds developed for experimen-

tal analysis are described. A number of test-beds have been developed for varying

purposes, such as evaluating the waveforms suitable for RF WPT from an� DC-to-DC

perspective, examining the impact of transmitter non-linearities on� DC-to-RF, and

evaluating the parameters determining� RF-to-DC. The test-beds are also utilized to

evaluate the ef�cacy of transmit waveform optimization and to study the receiver

power ef�ciency—throughput trade-off in RF SWIPT.

3.2 Novel GNU Radio-based Test-bed for Experimentally Evaluating

Various Power Ef�ciencies

An original GNU Radio-based prototype test-bed is developed to experimentally

evaluate the transmitter ef�ciency (� DC-to-RF), the channel ef�ciency (� RF-to-RF) and

the end-to-end ef�ciency� DC-to-DC of any digital baseband waveform, along with

the EVM of the transmitted signal, in an RF WPT system. The experimental anal-
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Figure 3.2 Block diagram of an SDR-based RF WPT test-bed. The vector signal transceiver is used for

evaluating transmitter power ef�ciency and EVM of transmit signals. The RF energy harvester

is used for evaluating the end-to-end power ef�ciency. The microwave network analyzer is

used to assess wireless channel response, whereas the RF power meter is used to determine

the channel ef�ciency.

ysis allows understanding the effect of various stages of WPT on� DC-to-DC . The

use of a digital radio facilitates the study of transmitter side shortcomings on the

transmission quality of digital signals. The block diagram of the test-bed to evalu-

ate� DC-to-DC , � DC-to-RF, � RF-to-RF, and the EVM over a wireless medium is presented

in Fig. 3.2, which depicts a Linux-based GNU Radio RF WPT setup in a C++ de-

velopment environment. In order to prevent any undue interference to the licensed

spectrum, all the wireless experiments have been undertaken in an anechoic chamber

as shown in Fig. 3.6.

The transmitter consists of a computer, a Universal Serial Bus (USB) power me-

ter, a USB 3.0 cable, a software-de�ned radio (SDR), a PAE along with its DC supply,

and the transmitting antenna. The same transmitter is utilized for the measurement

of � DC-to-DC , � DC-to-RF and � RF-to-RF, while the receiver varies depending upon the

power ef�ciency to be measured. Broadly, the receiver comprises a receiving an-

tenna, an RF EH board, a microwave network analyzer, an RF power meter and a

VST. The RF EH board constitutes a matching network, an EH module (compris-

ing two RF-to-DC Powercast PCC110 chips, each containing a series-diode con�gu-

ration of two diodes[P5]) with an RC smoothening �lter along with the additional

circuits of analog-to-digital converter (ADC) and microcontroller. The network an-

alyzer is utilized to ascertain the wireless channel behavior in the frequency band of
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Table 3.1 Hardware con�guration for the GNU Radio test-bed for evaluating the transmitter, channel and

end-to-end power ef�ciencies in RF WPT along with the EVM of the transmit signals.

Component Product details

Computer
Lenovo ThinkPad T470p, 32GB RAM, Core i7 pro-
cessor, Linux OS, GNU C++ compiler

SDR National Instruments USRP-2900

USB power meter YZXStudio ZY1273

External PA Mini-Circuits ZHL-4240+

Antenna Siretta Delta 6A multi-band whip antenna

Network analyzer Anritsu S820E

RF energy harvester Powercast P2110b[133]

ADC Texas Instruments 16-Bit ADS1115

Microcontroller Arduino Nano (Microchip ATmega328)

VST National Instruments PXIe-5645R

RF power meter Rohde & Schwarz NRP-Z11

interest. The hardware con�guration of the equipments utilized in this test-bed is

presented in Table 3.1

The signal transmission occurs as follows. The computer generates complex digi-

tal baseband samples of the waveform whose ef�ciency is to be evaluated. The com-

puter also provides DC power (PDC
USRP) to the SDR which is measured by the USB

power meter. The USB 3.0 cable carries both power and data towards the SDR. The

USB meter communicates thePDC
USRP data back to the computer for further compu-

tation. The SDR in use is a USRP that performs IQ modulation. The USRP incor-

porates a PAI with tunable gain and a maximum output RF power of� 20 dBm. The

maximum output RF power of the SDR is insuf�cient for transmission over a wire-

less medium given that the detection threshold of the RF energy harvester employed

in the test-bed is� � 15 dBm. This necessitates the use of a PAE, which is powered by

a separate bench DC supply. The computer regulates the DC supply through Matlab

software and registers its power consumption dataPDC
PAE

during signal transmission.

The total DC power consumption at the transmitter is thus

PDC
in = PDC

USRP+ PDC
PAE

. (3.19)

The ampli�ed RF signal is transmitted through a multi-band whip antenna. There
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Figure 3.3 The USRP-based test-bed for evaluating the end-to-end power ef�ciency in RF WPT [P3].

are several other options for antenna such as a dipole antenna or a patch antenna.

However, the multi-band whip antenna is chosen since the wireless measurements

reveal that it yields the highestPRF
in in the frequency bands of interest. Next, the

different setups at the receiver side are discussed.

3.2.1 Setup for Evaluating the End-to-End Ef�ciency

While experimentally evaluating� DC-to-DC , the receiver side comprises a multi-band

whip antenna, an off-the-shelf RF EH board, and a computer. The notion behind

employing off-the-shelf components in the test-bed is that it permits assessing the fea-

sibility of RF WPT in a practical scenario. The test-bed for determining� DC-to-DC

for any digital baseband waveform is depicted in Fig. 3.3. The RF energy harvester

converts the incident RF signalŷP(t ) into DC signalV DC
out across the internal resistor

RL . The onboard ADC generates a digital signal corresponding toV DC
out . The micro-

controller continuously senses the instantaneous DC voltage and communicates the

information to the computer. The computer stores this data and calculatesPDC
out for

each transmission intervalTtotal using (3.16) and consequently� DC-to-DC using (3.18).
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Figure 3.4 The USRP-based test-bed for evaluating the transmitter power ef�ciency and the EVM in RF

WPT [P3].

3.2.2 Setup for Evaluating the Transmitter Ef�ciency and the EVM of the Transmitted

Signal

Now, in order to determine � DC-to-RF and the EVM for the transmitted signal, the

receiver consists of a VST and a computer. A coaxial cable connects the PAE output

to the VST input. This setup is showcased in Fig. 3.4. The power ampli�ed output

of the PAE is supplied to the VST. The VST measures thePRF
out after adjusting for

the coaxial cable losses. Furthermore, the VST demodulates the received RF signal

and forwards the digital complex baseband IQ samples to the computer to compute

the EVM. The digital samples can also be used to ascertainPRF
out . The computer

then determines� DC-to-RF using (3.4). In order to assess the transmission quality

of the digital baseband signals, the EVM is a suitable �gure-of-merit. The complex

IQ samples are processed in Matlab to correct for the synchronization errors and

produce an estimatex̃(t ). The EVM is then computed as

EVM =

vut Efj x(t ) � x̃(t )j2g

Efj x(t )j2g
. (3.20)
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Figure 3.5 The USRP-based test-bed for evaluating the channel power ef�ciency in RF WPT [P3].

3.2.3 Setup for Evaluating the Channel Ef�ciency

The channel ef�ciency is evaluated by measuring the wireless channel path loss for

varying transmitter—receiver separation. This is accomplished using the setup shown

in Fig. 3.5, whose receiver side comprises a multi-band whip antenna, an RF power

meter and a computer. The RF power meter continuously measures the incident

RF power at its antenna port. The computer logs this data for the entireTtotal du-

ration and then computes the average input RF powerPRF
inEH

, which is same asPRF
in

in this case. Afterward, the channel power ef�ciency is calculated using (3.5). The

setup also comprises a re�ecting surface between the transmitter and the receiver (cf.

Fig. 3.6(b)). It allows studying the impact of constructive and destructive scattering

on the channel ef�ciency and the end-to-end ef�ciency of RF WPT.

3.2.4 Setup for Channel Sounding

In the case of a generic frequency-selective slow fading wireless channel, the chan-

nel response ought to be known. This is essential for determining the weighting
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(a) Test-bed equipments used in power ef�ciency
measurements

(b) Re�ecting surface to study the impact of scat-
tering in RF WPT

Figure 3.6 The anechoic chamber setup for conducting wireless experiments to evaluate the transmitter,

channel and end-to-end power ef�ciencies in RF WPT [P3].

coef�cients for the various tones of a multisine signal as de�ned in (3.2). Channel

sounding serves this purpose, for which the receiver is a multi-band whip antenna

and a microwave network analyzer. Additionally, a re�ecting surface is included as

discussed previously. The setup is similar to that in Fig. 3.6(b), with the RF energy

harvester being replaced by the network analyzer.

3.3 Test-bed to Examine Impact of Input RF power, PAPR and Load

on Receiver Ef�ciency and to Verify Recti�er Model

The average harvested DC powerPDC
out , and thus� RF-to-DC, in RF WPT is dependent

on numerous parameters such as thePRF
inEH

and PAPR of the incident waveform, and

the load. The impact of these parameters on the receiver power ef�ciency is ex-

perimentally evaluated using the test-bed shown in Fig. 3.7, which also depicts the

hardware con�guration of the equipments involved. The test-bed in Fig. 3.7 is de-

veloped to determine the effect of varyingPRF
inEH

(same asPRF
in in this case), PAPR,

andRL on � RF-to-DC for any digital baseband waveform. It comprises a computer, an

RF signal generator, an external PA, an RF energy harvester with onboardCL , an

external load resistorRL and a digital oscilloscope.

The computer generates the complex-valued digital baseband samples of the wave-

form to be transmitted and sends these to a VST for IQ modulation, along with

the requiredPRF
out . Now, the maximum permissible output power of the VST (�

5 dBm) is lower than maximum operating power of the RF energy harvester (�

23 dBm)[79]. As a result, a PAE is employed to encompass the entire power range of

34



�.�H�\�V�L�J�K�W
 �0�6�2�;���������$

�G�D�W�D

�5�)���H�Q�H�U�J�\
�K�D�U�Y�H�V�W�H�U

�2�V�F�L�O�O�R�V�F�R�S�H

�V�H�W�W�L�Q�J

�'�L�J�L�W�D�O���E�D�V�H�E�D�Q�G
�Z�D�Y�H�I�R�U�P���V�D�P�S�O�H�V

�6�L�J�Q�D�O
�J�H�Q�H�U�D�W�R�U

�1�D�W�L�R�Q�D�O���,�Q�V�W�U�X�P�H�Q�W�V
�3�;�,�H�����������5

�3�R�Z�H�U�F�D�V�W���3�������;�;�&�6�5
�Z�L�G�H�E�D�Q�G���5�)���H�Q�H�U�J�\���K�D�U�Y�H�V�W�H�U

�3�$

�H�[�W�H�U�Q�D�O

�0�L�Q�L���&�L�U�F�X�L�W�V

�=�+�/������������

Figure 3.7 Block diagram of the RF WPT test-bed developed to assess the dependence of receiver

power ef�ciency on the average input RF power, PAPR and the load resistance, for an off-

the-shelf RF energy harvester.

the RF energy harvester. The ampli�ed RF signal with average output RF powerPRF
out

is transmitted over a coaxial cable towards the Powercast P211XXCSR wideband RF

energy harvester[79]. The use of a wired medium allows for precise control over

the PRF
in incident on the RF energy harvester. The RF energy harvester consists of a

matching network followed by an RF-to-DC EH module comprising two PCC110

chips, each with an onboard capacitor. In conjunction withRL , the RF energy har-

vester recti�es the incident RF signalŷP(t ) to vout(t ) with a DC RMS voltageV DC
out .

The DC RMS voltage is measured acrossRL by an oscilloscope, which is regulated

by the same computer that interfaces with the VST. The computer interfaces with

the VST and the oscilloscope via Matlab software. The computer retrievesV DC
out for

each transmission intervalTtotal and computesPDC
out using (3.16) and� RF-to-DC using

(3.17). Another way to determineV DC
out is to capture the instantaneous output volt-

agevout(t ) acrossRL at the oscilloscope, and use it to determineV DC
out using (3.15).

Now, by varying the PRF
out setting through the computer, the incidentPRF

in is varied

and its impact on� RF-to-DC is evaluated. Similarly, transmitting different digital base-

band waveforms such, as multisines, with varying PAPR, allows assessing the impact

of PAPR on� RF-to-DC. Finally, computing� RF-to-DC for different load resistors, while

transmitting a given waveform at a certainPRF
out , facilitates the study of impact of the

RL on � RF-to-DC.

The test-bed in Fig. 3.7 is also utilized to experimentally verify thewaveform-to-

energyharvesting receiver model that is presented in Section 4.2.2. The procedure

stays the same: determine theV DC
out for different digital baseband waveforms.
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Figure 3.8 Block diagram of the RF WPT test-bed developed to assess the impact of input impedance

mismatch on the receiver power ef�ciency, in terms of the matching ef�ciency and the true

recti�cation ef�ciency.

3.4 Test-bed to Evaluate In�uence of Input Impedance Mismatch on

Receiver Ef�ciency

The signi�cance of input impedance mismatch in RF WPT has been discussed in

Section 2.3.3. Now, the effect of the matching network connecting the input port

to the recti�er, on � RF-to-DC is assessed separately since it requires a different setup

than Fig. 3.7. The test-bed for experimentally evaluating the impact of a matching

network on � RF-to-DC of an RF EH receiver is presented in Fig. 3.8. Speci�cally,

this test-bed is developed to determine theS11 parameter for the RF EH circuit, and

it comprises a computer, a vector network analyzer (VNA) and an RF EH board

with a load resistor. The hardware con�guration of the equipments is mentioned

in Fig. 3.8 as well. The Powercast P211XXCSR wideband RF EH board constitutes

an antenna port which connects to the onboard matching network through a 50


transmission line. The matching network is followed by an RF-to-DC EH module.

The matching network seeks to match the output impedance of the antenna port to

the input impedance of the recti�er over a wide range ofPRF
inEH

. The test-bed aids in

ascertaining theS11 parameter for a varying range ofPRF
inEH

, frequencies, andRL .

The procedure to determineS11 is as follows. The computer interfaces with the

VNA through Matlab software and informs the power (PRF
inEH

) and frequency sweep

values to the VNA. Now, for eachPRF
inEH

and frequency input, the VNA determines

the input impedance (Zin) mismatch at the RF EH receiver's input port. It does
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so by measuring the power re�ected back at the input port (PRF
r ) corresponding to

PRF
inEH

. As a result, the actual RF power transmitted to the recti�er circuit (PRF
t ) can

be computed as

PRF
t = PRF

inEH
� PRF

r . (3.21)

Consequently, the ef�cacy of the matching network can be determined in terms of

S11 as

� matching=
PRF

t

PRF
inEH

=
PRF

inEH
� PRF

r

PRF
inEH

= 1� j S11j
2. (3.22)

Moreover, the knowledge ofPRF
t andV DC

out (for a givenPRF
inEH

) facilitates determina-

tion of the true recti�cation ef�ciency of the recti�er which is given as

� recti�er =
PDC

out

PRF
t

=
(V DC

out )2

PRF
t RL

. (3.23)

As a result, the RF-to-DC ef�ciency of the RF EH receiver can now be modeled as

� RF-to-DC = � matching� � recti�er . (3.24)

The DC RMS voltage (V DC
out ) is measured using the test-bed and procedure discussed

in Section 3.3. Thus, the test-bed in Fig. 3.8 (in conjunction with the test-bed in

Fig. 3.7), allows the study of variation in� RF-to-DC of the RF energy harvester by

determining the� matching for different PRF
inEH

, frequencies and load resistors. During

this process, the test-bed also yields the true RF-to-DC recti�cation ef�ciency of the

RF EH module, comprising two PCC110 RF-to-DC chips.

3.5 Test-bed for Studying Receiver Ef�ciency—Throughput Trade-off

in RF SWIPT

An important objective of this thesis is to design waveforms suitable for wireless

power and data transfer. In order to examine the ef�cacy of digital baseband wave-

forms for RF SWIPT, the test-bed in Fig. 3.9 is developed. The test-bed facilitates de-

termining the communication as well as the WPT performance of digital baseband

waveforms. In particular, the test-bed in Fig. 3.9 is employed to experimentally eval-

uate the receiver power ef�ciency—throughput trade-off in RF SWIPT. It constitutes

a computer, an SDR transmitter and receiver, an external PA, a power splitter, an RF
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Figure 3.9 Block diagram of the RF SWIPT test-bed developed to study the receiver power ef�ciency—

throughput trade-off. The receiver implements the power-splitting technique to facilitate si-

multaneous energy harvesting and information transfer.

energy harvester,CL andRL , and a digital oscilloscope. The hardware con�guration

of the equipments is depicted in Fig. 3.9 itself.

The receiver power ef�ciency—throughput trade-off is obtained as follows. A

computer generates the complex-valued digital baseband samples with transmission

bit-rate � and forwards them to the URSP-2900. The computer also communicates

the power gain setting to the USRP. The modulated RF signal is power ampli�ed by

PAE for wireless transmission. The resultant RF waveform with average output RF

power PRF
out is transmitted through the multi-band whip antenna. At the receiver, a

multi-band whip antenna receives the RF signal with average input RF powerPRF
in .

A power splitter ensures that the incident RF signal is simultaneously available for

information retrieval as well as EH. The Mini-Circuits power splitter ZAPD-30 has

� = 0.5, such thatPRF
inEH

= PRF
inCN

= PRF
in =2. Further, the receiver ef�ciency� RF-to-DC

is determined as explained in Section 3.3. Now, the receiver side USRP demodulates

the incident RF signal to complex baseband sample estimates and communicates

these to the computer. The computer interfaces with both the USRPs via Matlab

software. At the computer, the transmitted samples and its received estimates are

compared to determine the bit error rate (BER). Correspondingly, the throughput

(� ) is computed as

� = � � (1� BER). (3.25)

The� RF-to-DC� � trade-off can thus be experimentally examined using the RF SWIPT

test-bed in Fig. 3.9.
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4 RECEIVER ANALYSIS AND MODELING IN RF

WPT/SWIPT

The received average input RF powerPRF
inEH

in RF SWIPT is minuscule from an RF

EH perspective, due to the large over-the-air loss in wireless transmission. As a result,

it becomes essential to study the receiver traits and subsequently adapt the transmis-

sion accordingly, so as to maximize the average harvested DC powerPDC
out and thus

the receiver power ef�ciency� RF-to-DC. This chapter is devoted to the receiver side of

an RF WPT system, with focus on investigating the RF-to-DC power ef�ciency. The

study begins with experimental analysis of the parameters that in�uence� RF-to-DC

which lays the foundation for developing a novel data-based recti�er model. The

proposed RF EH model correlates the average harvested DC powerPDC
out to the char-

acteristics of the input RF waveform. The results verifying the ef�cacy of the pro-

posed model for different digital baseband waveforms are presented. Furthermore,

the utilization of the proposed model to evaluate the ef�ciency—throughput trade-

off in RF SWIPT is showcased.

4.1 Parameters Affecting Receiver Ef�ciency

The receiver side of a typical RF WPT system (cf. Fig. 3.8) comprises an antenna

port, a matching network, an RF-to-DC recti�er and load. The receiver ef�ciency

is in�uenced by these circuit parameters as well as due to the input RF waveform's

characteristics. The experimental analysis in[P4] and [P5] reveals the impact of

input waveform parameters, namelyPRF
inEH

and PAPR, as well as the circuit param-

eters, namely input impedance mismatch and load, on� RF-to-DC. These parameters

and their in�uence on� RF-to-DC are discussed in detail in this section. The test-beds

described in Section 3.3 and Section 3.4 have been utilized for the experiments. The

operational parameters for these experiments are described in Table 4.1
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Table 4.1 Operational parameters for the experiments to determine the impact of input RF power, PAPR,

load resistance, and matching network on the receiver power ef�ciency of RF WPT.

Parameter Details

Frequency band 865� 894 MHz (Frequency Band 2 in[79])

Carrier frequencyfc 879.5 MHz

Sampling rate 40 MHz

Tone spacing� f 100 kHz

Baseband signal Multisine: number of tonesN = f 1,2,4,8,16g

Load resistanceRL f 0.057,0.11,0.18,0.3,0.47,0.82,1.5,2.2,3.3,4.4,5.5,6.6,

7.8,8.27,9.3,10,15,22,39,47,56,100,120,564gk


PRF
inEH

[ � 25,20] dBm

4.1.1 Input RF power and PAPR

The RF energy harvester comprises an RF EH module with two series-diode con�g-

uration PCC110 chips. The volt� ampere (V� I) performance of a diode is in�uenced

by the instantaneous input voltage. In the case of a modulated RF signal, the instan-

taneous voltage varies with the input RF power and the PAPR of the signal. Signals

with samePRF
inEH

can have varying PAPR as well. For a givenPRF
inEH

, WPT waveforms

such as multisine and pulsed RF have signi�cantly higher peak instantaneous voltage

than a continuous wave. The impact of input RF power and the PAPR of the input

waveform on the receiver power ef�ciency of RF WPT is adjudged experimentally

by varying PRF
inEH

at the RF energy harvester and transmitting waveforms with vary-

ing PAPR. In order to assess the impact ofPRF
inEH

and PAPR on� RF-to-DC at once,

multisine waveforms with varying number of tones are employed, as re�ected in Ta-

ble 4.1, and the results are showcased in Fig. 4.1. It must be noted that for anN-tone

multisine, the PAPR is simply 2N .

Figure 4.1(a) exhibits the measured� RF-to-DC of different multitone waveforms

for certain values ofRL . It is evident that for all the values ofRL (from as low as

57 
 to as high as 100 k
 ), the high-PAPR multisines yield superior� RF-to-DC for

all PRF
inEH

until they saturate the receiver. The onset of saturation is determined by

the PAPR as well as the load. Higher the PAPR of the input waveform, lower is the

PRF
inEH

at which V DC
out saturation begins. Similarly, higher the load resistance, lower
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(a) Receiver ef�ciency for certain load values
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(b) Maximum ef�ciency across all load values

Figure 4.1 Variation of receiver ef�ciency in RF WPT with input RF power and PAPR (multisine wave-

forms). The discontinuities in ef�ciency curves at low input power can be attributed to the

resolution limitation of the oscilloscope.

is thePRF
inEH

at which V DC
out starts to saturate. The combined effect of these is visible

in Fig. 4.1(a). For each input waveform, the receiver ef�ciency increases withPRF
inEH

,

attains a maximum� RF-to-DC and reduces afterward. The decrement in� RF-to-DC

after attaining a peak value is explained by the commencement ofV DC
out saturation.

Moreover, it is apparent in Fig. 4.1(a) that the maximum� RF-to-DC attainable by a

given waveform also varies withRL .

In a practical scenario, the RF EH receiver cannot directly control the incident

PRF
inEH

(unless there is some feedback to the transmitter involved). However, it is pos-

sible that the RF EH receiver is capable of dynamically varying its load to maximize

� RF-to-DC. This scenario is depicted in Fig. 4.1(b) where the maximum attainable

� RF-to-DC for eachPRF
inEH

, across allRL , is shown. The primary observation is that the

highest peak� RF-to-DC is achieved by a continuous wave (N = 1), albeit at highPRF
inEH

.

Moreover asN (and correspondingly PAPR) increases, the highest peak� RF-to-DC

attainable keeps reducing. Here as well, the high-PAPR waveforms are suitable at

lower PRF
inEH

, whereas low-PAPR waveforms are apt for highPRF
inEH

regime.

The observations in Fig. 4.1 can be explained as follows. In the lowPRF
inEH

regime,

the high instantaneous peak values of a high-PAPR multisine are essential to sur-

pass the threshold voltage of the diode to attain a positiveV DC
out . Consequently, the

high-PAPR waveforms yield a superior� RF-to-DC at low PRF
inEH

. Conversely, at high

PRF
inEH

, the high instantaneous peak values of a high-PAPR signal surpass the satura-

tion voltage of the receiver: higher the PAPR of the input waveform, lower is the
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PRF
inEH

at which saturation event occurs. Once the receiver reaches saturationV DC
out ,

any further increase inPRF
inEH

would not lead to an increase inV DC
out , thereby reduc-

ing � RF-to-DC. As a result, the high-PAPR waveforms fair poorly in the highPRF
inEH

regime. Moreover, in the highPRF
inEH

region, the peaks of a high-PAPR multisine can

even breach the reverse breakdown voltage for the diode, resulting in a reverse �ow

of current into the recti�er from the output, which would also reduce� RF-to-DC.

Additionally, as PRF
out increases, the high-PAPR multisines are susceptible to dis-

tortion by the PAE. The resultant signal distortions lead to an increase in signal

bandwidth[P2]. Consequently, the true in-bandPRF
inEH

at the receiver for high-PAPR

signals is lower than that of low-PAPR signals (N = 16 having the lowest in-band

PRF
inEH

). Subsequently, theV DC
out is lower as well, which clari�es the reduction in high-

est maximum� RF-to-DC in Fig. 4.2(b) asN increases. Another reason for the decrease

in highest maximum� RF-to-DC with an increase inN is the actual amplitude distribu-

tion of the waveform. The high-PAPR waveforms have a large number of low-power

points in a signal period. It implies that as the PAPR of the signal increases, the time

duration for which the waveform has low instantaneous power also increases. The

low vout(t ) at these time instants is responsible for the overall lowV DC
out and the sub-

sequent decrease in highest maximum� RF-to-DC with increasingN .

4.1.2 Load resistance

A practical RF energy harvesting system usually does not operate with a �xed load.

While PRF
inEH

at an RF EH receiver cannot be guaranteed to be constant in a wire-

less system, the load could be varied as well in order to maintain a �xedV DC
out at the

output, say to charge a supercapacitor battery or power a sensor. Hence, it is essen-

tial to study the impact of different loads on� RF-to-DC in detail. In this regard, the

receiver ef�ciency is evaluated for varyingRL and certain values ofPRF
inEH

, and the

results are presented in Fig. 4.2(a). A contrasting response is observed in the low

and highPRF
inEH

regimes: For lowPRF
inEH

(� 20 dBm), high-PAPR multisines yield the

highest� RF-to-DC irrespective of the load, whereas at highPRF
inEH

(20 dBm), low PAPR

multisines have superior� RF-to-DC independent ofRL . However, when the received

PRF
inEH

is about 1 mW, there is no single multisine which is suitable at allRL . In this

case, the measurements reveal that forRL up to 3.9 k
 , high-PAPR multisines pro-

vide better� RF-to-DC, while the low-PAPR multisines are suitable afterward.
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(b) Maximum ef�ciency across the power range

Figure 4.2 Variation of receiver ef�ciency in RF WPT with load resistance, for different multisine wave-

forms.

Next, the maximum attainable receiver ef�ciency� RF-to-DCmax
across all input RF

power levels was measured for different multisines and the results are depicted in

Fig. 4.2(b). Apparently, forRL � 39 k
 , the highest� RF-to-DCmax
is achieved using a

simple continuous wave (CW). On the contrary, for higherRL , high-PAPR signals

yield the highest� RF-to-DCmax
. However, unlike the analysis of Fig. 4.1(b), this analy-

sis is not very signi�cant practically since it would be meaningless to reduce power

to get better receiver ef�ciency.

Let us understand the observations in Fig. 4.2 through circuit analysis. In general,

for a givenPRF
inEH

, a largeRL yields a largeV DC
out . Thus, an initial increase inRL results

in an increase in� RF-to-DC. However, onceV DC
out reaches the saturation voltage, it

does not increase further and thereafter� RF-to-DC reduces with increasingRL .

Joint Impact of RF Input Power, PAPR and load

It is clear from Fig. 4.1 and 4.2 that� RF-to-DC depends onPRF
inEH

, PAPR and load

simultaneously. Overall, their joint impact can be summarized as follows: The aver-

age input RF power, PAPR and load are all positively correlated withV DC
out , until it

reaches the saturation limit. The impact is understood better by analyzing the low

and highPRF
inEH

regimes separately. Speci�cally, when the average input RF power is

low (typically PRF
in < � 15 dBm), in order to overcome the diode threshold voltage, a

high-PAPR waveform is bene�cial whereas a largeRL allows for higherV DC
out . Thus,

a high-PAPR signal and largeRL are suitable to maximize� RF-to-DC at low PRF
inEH

.
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Figure 4.3 Contour plot to assess the joint impact of input RF power and load resistance on receiver

power ef�ciency in RF WPT for different multisine waveforms.

As the average input RF power increases further (say� 15< PRF
inEH

(dBm) � 5), the

effect of PAPR andRL is more distinguishable. In this power regime, a high-PAPR

signal with highRL rapidly saturates the receiver, thereby reducing its� RF-to-DC com-

pared to other multisines. Consequently, the optimal waveform-load pair in this re-

gion needs to be determined experimentally or through a recti�er model. Finally,

in the high PRF
inEH

region, the peak instantaneous voltage of the high-PAPR signals is

large enough to saturate the receiver irrespective of the load. As a result, low-PAPR

signals yield the best� RF-to-DC in this region since they saturate the receiver output

at a relatively higherPRF
inEH

andRL compared to high-PAPR waveforms.

From a practical perspective, it is essential to determine the combinations of

PRF
inEH

� PAPR� RL that achieve a desired� RF-to-DC. This information is represented

in Fig. 4.3 where the contour plots for 40% and 60%� RF-to-DC are depicted. The

contour plot highlights the PRF
inEH

� RL regions ,for all the multisines that achieve

� RF-to-DC = 40%. This information can be utilized to select the optimal load for a

givenPRF
inEH

and PAPR to achieve a 40%� RF-to-DC. ConsiderPRF
inEH

= 0 dBm and a 16-

tone input waveform, where both 300
 and 10 k
 load yield � RF-to-DC = 40%. In

such a case, the load corresponding to the desiredV DC
out is chosen. An interesting ob-

servation in Fig. 4.3 is that no combination ofPRF
inEH

� RL can attain� RF-to-DC = 60%

for a 16-tone multisine. This is in accordance with the observation in Fig. 4.1(b) that

asN increases, the highest� RF-to-DCmax
decreases.
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Figure 4.4 The matching network con�gurations analyzed in Section 4.1.3 to assess the impact of input

impedance mismatch on the receiver power ef�ciency in RF WPT.

4.1.3 Matching Network

The receiver antenna port is connected to the matching network via a transmission

line (usually 50
 ), as shown in Fig. 3.8. In general, the matching network is designed

to provide impedance matching for a certainPRF
inEH

and input frequency. The resul-

tant input impedance mismatch at otherPRF
inEH

hampers� RF-to-DC. It is, thus, essential

to study the impact of input impedance mismatch on the� RF-to-DC performance of

an RF EH receiver, for differentPRF
in ,RL , input frequencies and matching network

con�gurations. The two con�gurations considered here are the T-matching network

and the LC matching as shown in Fig. 4.4.

At �rst, consider the off-the-shelf RF EH receiver employed in Fig. 3.8 which

comprises a T-matching network depicted in Fig. 4.4(a). A T-matching network

consists of an input antenna port and two output ports (that connect to two en-

ergy harvester Powercast PCC110 chips in this case). Now, the matching ef�ciency

is computed as described in Section 3.4. The results for variation of� matching for

frequency sweep, power sweep, and load sweep are shown in Fig. 4.5.

The matching ef�ciency for a 5 MHz bandwidth for differentPRF
inEH

and load val-

ues is depicted in Fig. 4.5(a). It is apparent that� matching is invariant of frequency

over a small bandwidth that is relevant to RF WPT, for different combinations of

PRF
inEH

and RL . This implies that a CW and a 5 MHz baseband modulated RF sig-

nal would both experience similar impedance mismatch for the given energy har-

vester. The power sweep results showcased in Fig. 4.5(b) depict that� matching varies

signi�cantly with PRF
inEH

with two distinct peaks visible. Furthermore, the two peaks

shift towards higherPRF
inEH

with increasingRL . The two peaks correspond to the T-

matching network being matched to two differentPRF
inEH

values: each branch/ output
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(d) Contour plot to study joint impact of input RF
power and load on matching ef�ciency

Figure 4.5 Matching ef�ciency of an RF EH circuit [79] for frequency and power sweep, and different

load values to study its impact on the receiver power ef�ciency in RF WPT.

path is matched to a certainPRF
inEH

. Such a con�guration allows the energy harvester

to be operable over a widePRF
inEH

range.

The impact of varying load resistance on the input impedance mismatch, in terms

of � matching, is showcased in Fig. 4.5(c). At lowPRF
inEH

(� 30 dBm), the impedance

mismatch (and thus� matching) is invariant of the load value. This can be accredited

to the fact that at such lowPRF
inEH

, the input voltage of a CW is not able to exceed the

diode threshold voltage resulting in no diode forward current (only leakage current

�ow). As a consequence, most of the incidentPRF
inEH

is re�ected back to the antenna

port resulting in poor� matching. For PRF
inEH

> � 30 dBm, the matching ef�ciency varies

with RL until the PRF
inEH

exceeds the saturation threshold of the diode.
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Figure 4.6 Matching ef�ciency of a simple RF EH circuit with LC matching network ( cf. Fig. 4.9(a)) for

frequency and power sweep. The matching network is matched to � 5 dBm input power and

showcases rather poor matching ef�ciency at other input power levels.

It is apparent from Fig. 4.5(b) and 4.5(c) that� matching varies both withPRF
inEH

and

RL . It is, therefore, essential to study their joint impact on� matchingwhich is, thus, de-

picted in Fig. 4.5(d) as a contour plot. The two peak regions (� matching � 85%) corre-

sponding to the two output paths of the T-matching network are clearly visible. The

matching ef�ciency is optimal for mostRL in the power range� 6 � PRF
inEH

(dBm) �

� 4. ThePRF
inEH

� RL contour plot for matching ef�ciency provides a visual depiction

of the regions ofPRF
inEH

andRL that a given circuit is matched to. It must, however,

be noted that thesePRF
inEH

� RL values may not correspond to optimal� RF-to-DC since

the diode behavior is non-linear.

Next, the matching performance for an LC matching network is evaluated. The

circuit developed for this purpose (cf.Fig. 4.9(a)) comprises an LC matching network

followed by a single Powercast PCC110 RF-to-DC chip[99], along with a �xed load

capacitance of 110 pF and a �xed load resistance of 287
 . Since the load resistor

is �xed, the variables arePRF
inEH

and input frequency. The measurement results for

� matching while varying PRF
inEH

and input frequency of a CW are depicted in Fig. 4.6.

Again, it is apparent that� matching is independent of the input frequency in the band-

width of interest. With regards toPRF
inEH

, the circuit under consideration is matched

to � 5 dBm input RF power. In comparison to the results for a T-matching network

in Fig. 4.5(b), the LC matching network is matched to only a singlePRF
inEH

value.

Moreover, the matching performance tapers off at otherPRF
inEH

values. Overall, the

RF energy harvester with a simple LC matching network is suitable for wideband

operation, but is not suitable for operation over a wide power range.
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Figure 4.7 True RF-to-DC recti�cation ef�ciency of RF EH circuits with different matching networks, for

varying input power and certain load values.

The analysis of the matching ef�ciency also helps in determining the true rec-

ti�cation ef�ciency of the recti�er as described in (3.24). Using this equation, the

true recti�cation ef�ciency for the T-matching network and LC matching network

is determined, and the results are shown in Fig. 4.7. It is apparent that� recti�er is

much higher than� RF-to-DC (cf.Fig. 4.1(a)) and that the former is limited by� matching.

Moreover, the T-matching network provides impedance matching over a widerPRF
inEH

range than an LC matching network, as well as yields a better� recti�er performance

over a wide range ofPRF
inEH

. Moreover, it is evident that for a similarRL(� 300
 ),

two RF-to-DC PCC110 chips yield superior� recti�er than a single diode recti�er.

This completes the experimental analysis of the parameters that impact� RF-to-DC.

In brief, the impact of the input RF power, PAPR, load resistance and matching net-

work on the � RF-to-DC is determined through experiments. In the next section, these

experimental analyses are used as a basis to develop a novel data-driven mathematical

model for the overall receiver ef�ciency in an RF WPT system.

While experimental analysis allows determining the overall� recti�er for the over-

all RF EH module, it is incapable of providing the information about the� recti�er of

each constituent PCC110 chip. In such cases, simulation-based analysis is required to

study the performance of individual recti�ers in a multi-diode con�guration. Such

an analysis for the T-matching network of Powercast P1110b RF EH circuit is pre-

sented in[P5]. The analysis allows determining the matching ef�ciency and the true

recti�cation ef�ciency of each branch of the T-matching network.
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4.2 Receiver Modeling

In Section 2.3.2, a survey of the existing linear and non-linear mathematical models

for the receiver in RF WPT is presented. Moreover, it is established thereof that lin-

ear models are incapable of capturing the true recti�er response. In this section, a

novel waveform-to-energyharvesting model is described that relates the output DC

power to the probability density function of the envelope of the incident RF sig-

nal. Some of the salient features of thewaveform-to-energyharvesting model are as

follows.

• It is a parametric-probabilistic model that relies on data obtained from CW

measurements and the power distribution of the incident signal's envelope.

• It relatesPDC
out to the characteristics of the input RF waveform, rather than just

its PRF
inEH

as in[25–30, 134]. This allows the model to be utilized for transmit

waveform optimization.

• The model does not make any simplistic assumptions regarding the matching

network, unlike in [31–35]. Instead, the proposed model includes the effect

of impedance mismatch at the matching network along with that of the RF-

to-DC recti�er circuit for a given load value.

• The model is independent of the underlying recti�er circuit con�guration and

works for any number of diodes.

A summary of the comparison of thewaveform-to-energyharvesting model with

existing non-linear models is presented in a tabular form in[P7].

4.2.1 Notion Behind the Recti�er Model

Thewaveform-to-energyharvesting model has been developed based on careful exper-

imental observations. Let us begin by discussing the idea behind this recti�er model.

Consider a modulated RF signalŷP(t ) where the carrier frequencyfc is much higher

than the highest baseband frequencyj fn j, such as the 4-multisine modulated RF sig-

nal shown in Fig. 4.8(a). The corresponding recti�ed signalvout(t ) for a Powercast

P211XXCSR wideband RF energy harvester is also displayed in Fig. 4.8(a). At the

RF scale, the individual cycles (or a few of them) can be approximated by a simple

sinusoid, as seen in Fig. 4.8(b). Moreover, it is evident in Fig. 4.8(b) that each such
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Figure 4.8 Visual depiction of the notion behind the waveform-to-energyharvesting model.

sinusoid passes through the RF EH circuit to yield a recti�ed signal with some DC

RMS voltage. Finally, the overall DC RMS voltageV DC
out , corresponding to all cycles

of the modulated RF signal, is given by taking the weighted average/ RMS of the DC

RMS voltages corresponding to each individual sinusoid, as presented in (3.15). The

average harvested DC power using (3.15) and (3.16) is then given as

PDC
out =

1

T RL

Z T

0
v2

out(t ) d t =
1

T

Z T

0
pout(t ) d t, (4.1)

where pout(t ) represents the instantaneous recti�ed power. Another interesting ob-

servation in Fig. 4.8(a) is that the recti�ed signalvout(t ) follows the envelope of the

incident RF signal. This implies that the weighted average needed to compute the

overall DC RMS voltage can be determined by the knowledge of the envelope sig-

nal ype
(t ), or equivalently the baseband signalyp(t ) as per (3.11). Mathematically,

attaining the weighted average over a time periodT only requires knowledge of the

power distribution of the envelope signal (amplitude distribution of the incident RF

signal).
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4.2.2 Waveform-to-Energy Harvesting Model

The aforementioned notion leads to the following postulate: The instantaneous rec-

ti�ed output voltage vout(t ) (and the corresponding instantaneous recti�ed output

power) at each time instant can be determined by using a CW input whose ampli-

tude is given by the magnitude of the envelope signalype
(t ) at that time instant. Let

us now focus on the mathematical presentation of the model.

Let T represent the random variable for time. Now,T � [ (0,T ] represents a

random variable uniformly distributed within one time period interval of the mod-

ulating signal. This is because the model is based on only the statistical distribution

of the input signal's instantaneous power while the precise temporal evolution over

time is irrelevant. As a result, the received baseband signalyp(T ) and the instan-

taneous power of the envelope signalp(T ) are also random variables. For brevity,

yp(T ) and p(T ) are henceforth denoted asY and P . Now, for an instantaneous

input P , the RF EH circuit generates an instantaneous output

Pout = � (P ) � P , (4.2)

where� (p) represents the instantaneous recti�cation ef�ciency of the circuit. It is

this variable� (p) that encapsulates the response of the entire receiver circuit, includ-

ing the antenna port, matching network and the load. Then, the average harvested

DC power can be expressed as

PDC
out = Ef Poutg

= Ef � (P ) � Pg

=
Z 1

0
� (p) � p � fP (p)dp, (4.3)

where fP (p) denotes the probability density function of the instantaneous power

of the envelope signal. On comparing (4.1) with (4.2) and (4.3), it is apparent that

fP (p) performs the weighted average as discussed before. Now, (4.3) represents the

novel waveform-to-energyharvesting model. It associatesPDC
out with � (p) and fP (p).

While � (p) characterizes the receiver circuit parameters,fP (p) is representative of

the modulating waveform's characteristics such as amplitude, frequency and phase.

The model in (4.3) is, effectively, capable of anticipatingPDC
out for any baseband wave-

form yp(t ), given its power distributionfP (p), and� (p).
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4.2.3 Determination of Parameter � (p)

The parametric model in (4.3) requires the knowledge of the� (p) parameter at each

instantaneous input power levelp of the envelope signal. This can be achieved

through measurements or simulations. Either way, the instantaneous ef�ciency is

determined atM distinct input power points and then a continuous� (p) obtained

through interpolation. Let us denote the measurement data points and the corre-

sponding parameter values with a tilde, so that they are discernible.

Consider thek th input power point (k 2 [1,M]) pk . A continuous wave is pro-

vided as an input to the RF energy harvester. Now, since the envelope for a CW

is constant, thereforefP (p) = � (p � pk). Moreover, the instantaneous power for

the envelope of a CW is same as its average RF input power, that is,pk = P̃
RF
in [ k] .

Substitutingpk in (4.3) yields

P̃
DC
out [ k] =

Z 1

0
� (p) � p � � (p � pk)dp

= �̃ (pk) � pk

= �̃ k � P̃
RF
in [ k] . (4.4)

The average harvested DC powerP̃
DC
out [ k] for each input powerP̃

RF
in [ k] is measured

and the corresponding ef�ciency is computed as

�̃ k =
P̃

DC
out [ k]

P̃
RF
in [ k]

. (4.5)

Next, a smooth curve for� (p) is obtained from the discrete set ofM �̃ k values using,

for example, piecewise polynomial interpolation as

� (p) =
RX

l = 0

ai ,l (p � pi )
l , (4.6)

for pi � p � pi + 1, wherei 2 [1,M � 1] andR is the degree of the polynomial. The

discontinuities in� (p) at the internal pointspi (i 2 [2,M � 1]) can be avoided by

opting for a higher order spline interpolation such as cubic spline. The coef�cients

ai ,l in (4.6) are obtained from the constraints on the polynomial in (4.6) per[135].

The case forR = 3 (cubic spline) is discussed in Section III-A in[P7].
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4.2.4 Determination of the Density Function fP (p)

The other component needed to complete thewaveform-to-energyharvesting model

is the probability density function of the instantaneous power of the envelope signal.

The term fP (p) can be determined numerically and in certain cases as an equation.

Consider the received baseband waveformY = yp(T ), which is a function of the

random variableT .

Given a monotonic equationY = yp(T ), its fP (p) is determined as follows.

Firstly, the cumulative distribution function using (3.12) is given as

FP (p) = Pr(P � p)

= Pr

�

�
È

p

2
� Y �

È
p

2

�

= FT

�

y� 1
p

� È
p

2

��

� FT

�

y� 1
p

�

�
È

p

2

��

, (4.7)

whereT � [ (0,T ]. Then, the probability density functionfP (p) is given as

fP (p) =
1

T
�

�
d

dp
y� 1

� È
p

2

�

�
d

dp
y� 1

�

�
È

p

2

��

. (4.8)

When Y is non-monotonic, the above method is applicable for its monotonic sub-

intervals. It is apparent in (4.8) that determiningfP (p) as an equation requiresY

to be invertible. The two special cases (N = 2,3) where this is feasible, andfP (p)

is expressed as an equation, are presented in Section III-B in[P7]. In other cases,

when eitherY is not invertible or simply the equation forY is unknown, numerical

methods are employed to obtain an estimate offP (p).

Whenyp(t ) is available as a complex-valued sample sequence from simulations or

measurements, the estimate forfP (p) is attained from the normalized histogram of

P , given that the number of samples ofT is very large and the number of histogram

bins is also huge. Letgi represent the normalized histogram value for the binpi <

p � pi + 1 (i 2 [1,number of bins]), with midpoint p� i , then the discrete probability

is given as

fP (P = p� i ) = gi � � (p � p� i ), (4.9)

and the corresponding estimated probability density function is given by
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f̃ P (p) =
X

i

gi � (p � p� i ). (4.10)

Now, all the necessary information to predict the average harvested DC power given

any baseband waveform is available. This completes thewaveform-to-energyharvest-

ing model. In the next section, the results that corroborate the ef�cacy thewaveform-

to-energyharvesting model are presented.

4.3 Experimental Veri�cation

The effectiveness of thewaveform-to-energyharvesting model in predictingPDC
out , in

terms of the receiver ef�ciency, has been examined for different waveforms, circuits,

load values, and frequency bands. The experimental measurements have been com-

pared with the model predictions and the results are showcased in this section. At

�rst, a brief description of experimental-setup is presented followed by the discussion

of experimental results.

4.3.1 Measurement Setup

The test-bed utilized for these experiments is described in Section 3.3. The model

ef�cacy has been evaluated for three different RF EH circuits, including a fabri-

cated simple recti�er, an off-the-shelf multiband recti�er and a voltage multiplier

recti�er simulated in Keysight Advanced Design System (ADS) software. These are

depicted in Fig. 4.9. The off-the-shelf multiband RF energy harvester Powercast

P21XXCSR[79] provides support for six frequency bands, each comprising two

PCC110 chipsets with a T-matching network shown in Fig. 4.4(a). It is the most

sophisticated of the three receiver circuits. Using three different receiver circuit en-

sures that the accuracy of the model predictions is adjudged for different matching

networks, recti�er con�gurations, frequency bands, and load values.

The digital baseband waveforms employed in the experiments include RF WPT

signals such as a CW, anN-tone multisine signal, Gaussian noise, pulsed RF, as well

as RF SWIPT signals such as single-carrier (SC) QAM, OFDM QPSK, OFDM QAM

and SCM-PSK (M = 2n, n 2 P). The operational parameters chosen for these wave-

forms are as follows. In the case of multisine signals,fn =
€
n � N+ 1

2

Š
� f ensures

that the center frequency (fc) remains �xed at 879.5 MHz (for simple recti�er and
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(b) Off-the-shelf multiband RF energy harvester
P21XXCSR [79], with each band compris-
ing a T-matching network and two PCC110
RF-to-DC converters with varying load resis-
tance, which are connected to jumper pin cor-
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(c) Keysight ADS simulation of an recti�er circuit with an LC matching network
matched to 0 dBm, comprising the SPICE model of an HSMS-282C series
diode [136] connected in voltage multiplier con�guration with variable load
resistor and capacitor

Figure 4.9 Different RF energy harvesters employed in the experimental veri�cation of the waveform-
to-energyharvesting model [P7].

ADS simulation). Here,� f = 100 kHz is the frequency spacing between adjacent

tones. For pulsed RF signals, their duty cycle (� ) is varied so as to achieve a PAPR

similar to multisine signals. For example,� = 0.5 yields a pulsed RF waveform with

a PAPR of 4, similar to that of a 2-tone multisine. The baseband signal for the Gaus-

sian noise signal is a CSCG random vector resulting in Rayleigh distribution for the

envelope signal. The symbol rate for RF SWIPT signals is chosen to be 1 MSps. The

remaining operational parameters are described in Table 4.2.

An important aspect to note regarding the experimental setup is the proper cali-

bration of PRF
inEH

. This is crucial sincePRF
inEH

deviates from its expected value owing to

the inherent characteristics of the VST and RF power ampli�er. Firstly, an RF power

56



Table 4.2 Operational parameters for the experiments to verify the accuracy of the waveform-to-energy
harvesting model

Parameter Details

Frequency band (fc) 1 : 824� 849 MHz (836.5 MHz)

(multiband recti�er) 2 : 865� 894 MHz (879.5 MHz)

3 : 880� 928 MHz (904 MHz)

4 : 1.710� 1.785 GHz (1.7475 GHz)

5 : 1.85� 1.91 GHz (1.88 GHz)

6 : 2.4� 2.5 GHz (2.45 GHz)

PRF
inEH

[ � 25,20] dBm (0.5 dB steps)

Load resistanceRL (k
 ) f 0.057,0.11,0.18,0.3,0.47,0.82,1.5,2.2,3.3,4.4,5.5,

(multiband recti�er) 6.6,7.8,8.3,9.3,10,15,22,39,47,56,100,120,564g

Baseband signal Multisine: N 2 f 1,2,4,8,16g(40 MHz),

(sampling rate) pulsed RF (40 MHz),

CSCG random vector (1 MHz),

SC:M-PSK, 64-QAM (40 MHz),

OFDM: QPSK, 64-QAM (1.92 MHz)

Duty cycle � (pulsed RF) f 1
16, 1

10, 1
8, 1

4, 1
2g

ampli�er is necessary since the VST used in this work provides a linear output only

up to 0 dBm for a CW and this linearity threshold reduces as the PAPR of the in-

put signal increases. Nonetheless, the power ampli�er too suffers from non-linearity

issues while transmitting high-PAPR signals. These issues are resolved through the

use of a look-up table which is calibrated via spectrum analyzer and RF power me-

ter measurements. The transmit power of the VST is adjusted based on the look-up

table entry to ensure a linear output for all the waveforms and at allPRF
inEH

.

4.3.2 Results Validating the Waveform-to-Energy Harvesting Model

Using the measurement setup just described, the receiver ef�ciency (� RF-to-DC) of

RF WPT and RF SWIPT waveforms is measured for different circuits, input RF

power, load values and frequency bands. These outcomes have been compared to

the corresponding predictions from thewaveform-to-energyharvesting model. A

summary of the results is presented here, whereas the detailed description is available

in Section V-B in[P7].
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Figure 4.10 Ef�cacy of the recti�er model evaluated for three different RF EH circuits.

For Different Receiver Circuits

The results depicted in Fig. 4.10 encompass the outcomes for different diode types,

matching networks and recti�er con�gurations in the frequency band 2 while vary-

ing PRF
inEH

. The measurement/ simulation results are presented with markers whereas

the model prediction is displayed as a solid line. The sub�gures in Fig. 4.10 clearly

showcase that the model predictions match the measurements results for all the three

receiver circuits and for the entirePRF
inEH

range. Moreover, the model is capable of an-

ticipating � RF-to-DC for different waveforms as well, each with a distinct amplitude
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(b) Receiver ef�ciency of RF SWIPT waveforms

Figure 4.11 Ef�cacy of the recti�er model evaluated for multisine and RF SWIPT waveforms, while vary-

ing the input RF power, with RL = 3.3k
 ,CL = 15 pF in the frequency band 2. Here,

OFDM QPSK and OFDM 64-QAM represent single high-PAPR realizations, while the oth-

ers are general realizations of these waveforms. In general, the receiver ef�ciency for OFDM

waveform is found to be independent of the baseband modulation. The measurement re-

sults are presented with markers and the model predictions with solid lines.

distribution. For each circuit, the pulsed RF wave and the CW attain the highest

� RF-to-DC. Now that it is established that the model is able to accurately predict the

� RF-to-DC outcomes for different receiver circuits, henceforth, only the results for the

multiband recti�er are discussed.

For Multisine Waveforms and RF SWIPT Waveforms

The RF WPT literature considers multisine waveforms to be suitable for RF WPT

due to their high PAPR. Hence, the model is evaluated speci�cally for these wave-

forms with varying PAPR and the results are shown in Fig. 4.11(a). Clearly, the

model is capable of accurately anticipating� RF-to-DC for multisine signals with low-

PAPR (N = 2) as well as high-PAPR (N = 16). It must be noted that while the

high-PAPR multisines yield higher ef�ciency at lowerPRF
inEH

, a CW still yields the

highest� RF-to-DC, although at a highPRF
inEH

.

The high-PAPR multisine signals may be suitable for RF WPT, however, they are

worthless for communication purposes. Therefore, from an RF SWIPT perspective,

the performance of the model for commonly used information signals is investigated

as well. The results for RF SWIPT waveforms are depicted in Fig. 4.11(b), wherein
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it is apparent that thewaveform-to-energyharvesting model can predict� RF-to-DC for

all the RF SWIPT waveforms with suf�cient accuracy. Overall, the model predic-

tions are fairly precise across the entire range ofPRF
inEH

, from the low power region

to the saturation region. There are a few interesting observations for RF SWIPT

waveforms as well:

• The measurements reveal that all theM-PSK waveforms yield similar� RF-to-DC.

This, in fact, corroborates thewaveform-to-energyharvesting model since all

the M-PSK waveforms have the same envelope signal and therefore must yield

the same� RF-to-DC as per the model.

• While the results for single �nite-length high-PAPR realizations of OFDM

waveforms are shown in Fig. 4.11(b), it is known that for high subcarrier

points, the PAPR of an OFDM signal is independent of the underlying mod-

ulation. However, it is inconvenient to perform a large number of measure-

ments to obtain a average result. In such cases, thewaveform-to-energyhar-

vesting model conveniently provides accurate prediction by averaging through

simulations. Such a simulated OFDM case is also shown in Fig. 4.11(b).

For Different Load Resistors

The results showcased thus far depict the variation of� RF-to-DC with PRF
inEH

. Let us

now examine the ef�cacy of the model for similar parameters, but for varying load

values. The results for measurements and model predictions of� RF-to-DC for the

various load resistors described in Table 4.2 are shown in Fig. 4.12. The receiver ef-

�ciency of different multisines (thus for varying PAPR) is depicted in Fig. 4.12(a),

whereas� RF-to-DC for a pulsed RF waveform is showcased in Fig. 4.12(b). These two

subplots represent the results for the multiband recti�er with a T-matching network.

The receiver ef�ciency for the simulated recti�er circuit, with an LC matching net-

work, is shown in Fig. 4.12(c). ThePRF
inEH

levels in these subplots are chosen so as

to present a clear, unconstricted �gure. Overall, it is apparent that thewaveform-to-

energyharvesting model can accurately predict� RF-to-DC for the entire range ofRL ,

from as low as 57
 to as large as 100 k
 .
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Figure 4.12 Ef�cacy of the recti�er model evaluated for varying load values.

Contour Plot for Incident RF Power versus Load Resistance

The RF EH receiver can attain the same� RF-to-DC at different PRF
inEH

and RL values

due to the non-linear behavior of the recti�er circuit. ThePRF
inEH

versusRL contour

plots provide a convenient way to assess thePRF
inEH

� RL region that yields a certain

� RF-to-DC. Therefore, in order to further af�rm the effectiveness of thewaveform-to-

energyharvesting model for a wide range ofPRF
inEH

andRL simultaneously, the contour

plots of constant� RF-to-DC versusPRF
inEH

andRL are presented in Fig. 4.13. The con-

tour plots for � RF-to-DC = 35% and 55% are shown in Fig. 4.13(a) and (b), respectively,

for multisines as well as pulsed RF waveforms with varying PAPR. The primary ob-
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Figure 4.13 Contour plots for average input RF power versus load resistance, showcasing the measure-

ment results and model predictions of end-to-end power ef�ciency for different RF WPT

waveforms.

servation is that the model predictions match well with the measurements.

Some aberrations are evident for large values of load resistance for the high-PAPR

waveforms. The source of these errors is the measurement inaccuracy which arises

due to the resolution limitations of the digital oscilloscope while capturing the wave-

form data during the measurements. The inaccuracy is signi�cant when the instan-

taneous voltage is very high. There are two interesting observations from the plots:

• Although the 2-Multisine and � = 0.5 pulsed RF waveform have the same

PAPR, the pulsed RF waveform achieves the same� RF-to-DC at a lowerPRF
inEH

.

• The � = 0.25 pulsed RF waveform has contour plot similar to 8-Multisine,

even though the latter has twice the PAPR.

These observations are explored in further detail in the next chapter, while discussing

the experimental results of the receiver power ef�ciency of pulsed RF waveforms and

multisine waveforms.

For Different Frequency Bands

All the results discussed so far were restricted to the frequency band 2 described in Ta-

ble 4.2. While the multiband harvester comprises the same RF-to-DC recti�er chips

in all the frequency bands[79], the preceding T-matching network components vary

in each frequency band. Let us now examine the model performance for the other
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Figure 4.14 Ef�cacy of the proposed recti�er model evaluated for different frequency bands of the multi-

band recti�er, for a � = 0.1pulsed RF waveform, while varying the input RF power, with

RL = 3.3k
 ,CL = 15pF. The measurement results are presented with markers whereas

the model prediction is displayed as a solid line.

frequency bands described in Table 4.2. In Fig. 4.14, the model predictions and mea-

surement results for the remaining �ve frequency bands in Table 4.2 are presented,

for a pulsed RF wave with 10% duty cycle. It is apparent that thewaveform-to-energy

harvesting model is capable of anticipating the� RF-to-DC for all the frequency bands

of the off-the-shelf multiband recti�er.

This completes the experimental veri�cation of the effectiveness of thewaveform-

to-energyharvesting model. The results have demonstrated that thewaveform-to-

energyharvesting model is, indeed, invariant of the underlying matching network,

and can accurately predict thePDC
out for different amplitude distributions, input RF

power, load values and frequencies.

63



64



5 TRANSMITTER ANALYSIS AND WAVEFORM

OPTIMIZATION IN RF WPT AND RF SWIPT

A majority of RF WPT literature is focused on the receiver side of an RF WPT sys-

tem. Nonetheless, the transmitter side too plays a critical role in the overall design of

an RF WPT/ SWIPT system. A dedicated power transmitter is the key differentiator

between an RF WPT and an RF EH system, and is thus subject to careful analysis

and design. In an RF SWIPT system, the dedicated transmitter could primarily be

a communication transmitter. This chapter is devoted to the experimental analy-

sis of the in�uence of an SDR on the transmission of digital signals for RF WPT

and RF SWIPT. Furthermore, this chapter explores the design of optimal transmit

waveforms for RF WPT and RF SWIPT.

5.1 Software-De�ned Radio Transmitter for RF WPT/SWIPT

The literature comprises several test-beds for RF WPT/ SWIPT such as[22, 23] (and

also[124] partly) that employ expensive scienti�c instruments such as VST as trans-

mitters. While a VST is suitable for scienti�c research, it does not truly re�ect the

limitations of a practical transmitter in a real-world setup. In this regard, the use

of an SDR as a transmitter for RF WPT/ SWIPT is investigated. The SDR used in

this study is a USRP-2900 that performs IQ modulation. It is a standard low-cost

prototyping device for wireless test-beds.

Consider the transmission of a digital baseband signal such asx(t ) de�ned in

(3.1). As already discussed in Section 3.1, in generalx(t ) can represent any wave-

form. Now, let us analyze the detrimental effects of the process of IQ modulation

in an SDR which was introduced in Section 3.1. While generating an RF waveform

from discrete multisine samples, an SDR (or any digital radio) introduces non-linear

distortions that alter the shape of output RF signal. The two sources of distortion

are the digital-to-analog converter (DAC) and the PAI of the SDR. While the former
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distorts the signal due to clipping effect and quantization errors, the latter intro-

duces distortion because of its non-linear input-output transfer characteristics. Let

us study these through mathematical analysis, simulations and experiments.

5.1.1 Clipping and Limited Resolution in Digital-to-Analog Conversion

Any DAC is characterized by its output range for discrete IQ samples. Let us assume

it to be � 1 without loss of generality. As a result, any discrete sample ofxI(t ) or xQ(t )

with magnitude greater than one is truncated to one. The resultant truncated analog

baseband waveform would be given as

x̄(t ) = x̄I(t ) + j x̄Q(t ), (5.1)

for which in each branch (L 2 f I,Qg)

x̄L(t ) =

8
>>><

>>>:

+ 1, xL(t ) � 1,

� 1, xL(t ) � � 1,

xL(t ), otherwise.

(5.2)

The bar signi�es the clipping of the original waveform that introduces non-linear

distortion. The resultant RF waveform is given by substitutingx(t ) by x̄(t ) in (3.2).

Whether xL(t ) undergoes clipping or not depends on the amplitudes of the individ-

ual baseband sinusoids (An). These two cases and the resultant PAPR of RF wave-

forms is explored in detail in Section II-A in[P3]. Furthermore, the impact of DAC

clipping on the PAPR, the average RF power, and the EVM of multisine waveforms

before ampli�cation by thePAI is demonstrated through Matlab simulations in Sec-

tion II-A in [P3]. In summary, these simulations conclude that higher the PAPR of

x(t ), more prone it is to DAC clipping related distortion due to higher amplitude.

The distortion reduces the average RF power and increases the EVM proportional

to the number of tonesN . An obvious solution to the issue of DAC clipping is to

reduceAn so that the amplitude ofx(t ) is low enough to avoid clipping altogether.

The experimental analysis in[P1] suggests that in the case of a cophased multisine

signal withAn = A, scaling the amplitude of each tone byN , that is, by setting

A =
c

N
, c � 1 (5.3)
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Table 5.1 Operational parameters for the experiments to determine the linear ampli�cation region of the

transmitter and the transmitter power ef�ciency in RF WPT.

Parameter Details

Frequency band 863� 873 MHz (unlicensed)

Carrier frequencyfc 868 MHz

Sampling rate 40 MHz

Baseband fundamental frequencyf0 1 MHz

Number of tones in multisineN [1,10]

USRP gain settingGUSRP [45,69.5] dB (with 0.5 dB steps)

RL 286


c 0.6

� � 78 dB

ensures that the output of the SDR is undistorted. However, by doing so the average

RF power also reduces which ultimately reduces the transmitter power ef�ciency

� DC-to-RF. The process of digital-to-analog conversion also leads to quantization er-

rors that arise when the fast varying tails ofx(t ) lie in between any two pre-de�ned

quantization levels.

Linear Ampli�cation Region at the Transmitter

The other source of distortion at the SDR is its PAI . It must be noted that ampli-

�cation just by the PAI is insuf�cient for wireless propagation, and thus a PAE is

necessary. The PAE too, in general, is susceptible to non-linearity for high PAPR

signals. In this regard. the combined effect of the two power ampli�ers is examined

and their combined linear ampli�cation region is determined. The analysis, results

and the discussion presented herein is an overview covering the signi�cant outcomes

regarding the linear ampli�cation region, whereas a detailed study is available in[P2].

While the PAI of the USRP has a variable gainGUSRP [dB], the PAE provides a

�xed gain of GPAE
[dB] in the linear ampli�cation region of operation. The output

power of the PAE can be represented as

PRF
out [dB] = GPAE

+ GUSRP+ 10 log10(� NA2=2)

= � + GUSRP+ 20 log10c � 10 log10N, (5.4)
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Figure 5.1 Measured spectral response of the multisines and QPSK waveforms to determine the linear

ampli�cation region and the corresponding transmitter ef�ciency for varying USRP gain.

where� represents the internal scaling factor of the SDR, whileA is substituted from

(5.3). The parameter� = GPAE
+ 10 log10(�=2) is a constant to be determined exper-

imentally. It must be noted thatPRF
out is independent ofPDC

in in the linear ampli�ca-

tion region. In fact,PDC
USRPandPDC

PAE
only determine the bias point of their respective

power ampli�ers in this region.

Let us examine the linear ampli�cation region at the transmitter in terms of the

power bandwidth and� DC-to-RF through experimental analysis. The test-bed utilized

for the experiments is explained in Section 3.2.2, while the operational parameters

for these experiments are described in Table 5.1. The RF WPT and RF SWIPT wave-

forms selected for the experiments include multisines and 1 MSps QPSK waveforms,

respectively. For the multisines, selectingAn = A=
p

N which ensures that all the

multisines have similarPRF
out and allows assessing the impact of PAPR on the linear

ampli�cation region. In order to further scrutinize the impact of a transmit �lter on

the power bandwidth at the transmitter, two forms of QPSK waveforms are chosen:

one without any transmit �lter and one with a root raised cosine (RRC) transmit

�lter (with roll-off of 0.5). The reason to opt for a QPSK waveform is that a QPSK

baseband signal is simply a CW with phase transitions at symbol rate. This allows for

a fair comparison. The measurement results depicting the bandwidth occupied by

the output signal containing 99% ofPRF
out for varying GUSRP are shown in Fig .5.1(a).

It is evident that as the number of tonesN increases, the maximumGUSRP that yields

linear output reduces due to the high peaks of a high PAPR signal. In general, for

a given baseband fundamental frequencyf0, the 99% bandwidth of anN-tone mul-
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tisine is about(N � 1) f0 in the linear ampli�cation region. The impact of an RRC

�lter is also apparent in drastically reducing the 99% bandwidth of a QPSK signal.

The signi�cance of operating in the linear ampli�cation region is showcased in

Fig. 5.1(b), wherein the� DC-to-RF for different waveforms is depicted for for varying

GUSRP. It is clear that during linear operation all the waveforms yield similarPRF
out

and thus have similar� RF-to-DC. As GUSRP is increased further and the non-linear

operation begins, the amount of distortion is proportional toN and so� DC-to-RF

reduces with increasingN . The un�ltered QPSK waveform has� DC-to-RF similar to

N = 1 (CW) as expected, except at higherGUSRP where the sharp phase transitions

introduce non-linear distortion. It is interesting to note that while the RRC �lter

reduces the sharp transitions and enhances the linear ampli�cation region, in the

process it also alters the envelope of the �ltered signal such that is no longer similar

to the envelope of a CW. As a result, the QPSK RRC signal yields lower� RF-to-DC

than a CW and un�ltered QPSK, at higherGUSRP.

5.1.2 EVM Analysis of RF SWIPT signals at the Transmitter Output

Let us now assess the impact of an SDR on the transmission quality of RF SWIPT

signals such as PSK and QAM modulations. In this regard, the EVM of the PAE

output is computed for varyingGUSRP and bit rates. The test-bed is discussed in

Section 3.2.2 while the operational parameters are noted in Table 5.1. It is important

to note that improper frequency reference at the VST, with respect to the USRP

oscillator's carrier frequency, causes carrier frequency offset (CFO) and it needs to

be compensated before computing the EVM. The results for the EVM of RF SWIPT

signals shown in Fig. 5.2 are derived by analyzing the constellation of the samples

captured by the VST. The results summarized here are explained in detail in Section

IV-G in [P3].

EVM versus USRP Gain for RF SWIPT signals

The EVM response of PSK and QAM for varyingGUSRP is shown in Fig. 5.2(a). It is

apparent that the EVM of 8-PSK signals is strikingly different from the others. The

EVM of 8-PSK signals is high due to the distinct rotation of different constellation

points within a quadrant: symbols within a quadrant tend to merge due to CFO. In

the case of QPSK signal, the 20 Mbps signal has high EVM at higherGUSRP which
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Figure 5.2 The measured EVM of the communication signals at different bit rates and GUSRP values.

The complex baseband symbols were captured by the VST, and compensated for the CFO,

before evaluating the EVM. Overall, the QPSK signal yields the lowest EVM.

occurs due to the increased wideband noise at high gain. For the QAM signals, the

EVM shoots by rapidly afterGUSRP= 50 dB as the QAM constellations start to shift

towards their respective PSK constellations. Overall, the EVM is similar for both the

transmission bit rates for all the constellations, except QPSK. Moreover, the QPSK-

modulated signal yields the lowest EVM for both the transmission bit rates.

EVM versus Bit Rate for RF SWIPT signals

The variation of EVM with transmission bit rates is further explored for the PSK

and QAM signals and the results are shown in Fig. 5.2(b). The measurements reveal

that the EVM for 8-PSK, 8-QAM and 16-QAM signals is fairly invariant of the trans-

mission bit rate. The minor variation in 16-QAM signal for the 55 dB gain is due to

insuf�cient CFO compensation at the VST. In the QPSK case, the EVM is invariant

of bit rate in the linear ampli�cation region (45 dB), whereas it rapidly rises after

2 Mbps in the saturation region of operation (55 dB) due to the wideband noise.

This completes the experimental analysis of the impact of a digital radio on RF

WPT and RF SWIPT signals in terms of the transmission ef�ciency and EVM. The

analysis suggests that a CW, and a QPSK modulated RF waveform yield the best

transmitter power ef�ciency and EVM amongst RF WPT and RF SWIPT signals,

respectively. In the next section, waveform design at the transmitter is addressed

while operating in the linear region.

70



5.2 Transmit Waveform Optimization

In the previous chapter, a novelwaveform-to-energyharvesting model was presented

and experimentally veri�ed. It relates the average harvested DC power to the proba-

bility density function of the instantaneous power of the incident signal's envelope.

This power distribution is in turn a function on the amplitude, phase and frequency

of the transmit RF signal. Overall, thewaveform-to-energyharvesting model relates

PDC
out to the characteristics of the transmitted RF signal. This salient feature is lever-

aged to study transmit waveform optimization using the novelwaveform-to-energy

harvesting model.

5.2.1 Optimization Problem Formulation

The large over-the-air propagation losses in a wireless medium result in only a frac-

tion of the total transmitted power reaching the RF EH receiver. Furthermore,

the maximum transmit power permissible and the available bandwidth in a wire-

less medium is also regulated. This necessitates the need to maximize the average

harvested DC power based on the available resources. Therefore, in the context of

any practical RF WPT system, the optimization function isPDC
out which needs to be

maximized with the available energy and spectrum resources at the transmitter side.

The waveform optimization problem tries to determine the amplitude, phase and

frequencies of the complex baseband signal (as de�ned in (3.1)) that would maximize

PDC
out . In general, this optimization problem can be expressed as

max
x(t )

PDC
out

subject to
1

T

Z T

0
jx(t )j2dt = PTx

1

T

Z W =2

� W =2
jX ( f )j2df � � PTx , (5.5)

where

X ( f ) =
Z 1

�1
x(t ) � e� j 2� f t dt (5.6)
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represents the Fourier transform ofx(t ), having 0< � < 1 times the instantaneous

bandwidthW . It must be noted that the parameter 1� � signi�es the relative amount

of spectral leakage permitted in the adjacent frequency bands. Higher the value of

� , wider is the measured bandwidth of the transmitted signal. The constrained opti-

mization problem in (5.5) tries to determine the optimal transmit waveformx� (t ).

Now, let us discuss the two constraints in (5.5). The left hand side in the �rst

constraint refers toPRF
out , as de�ned in (3.3), and equals to the maximum available

transmit power (PTx). This ensures that the RF WPT transmitter always transmits

at full power which is a necessity in RF WPT, since the primary objective at the

receiver is to maximizePDC
out . The second constraint caters to spectral containment

of the transmit signal and ensures that� portion of the total transmit power lies

within the allotted channel bandwidthW .

On expressing the baseband signalx(t ) using the multisine de�nition in (3.1), the

optimization problem narrows down to a waveform optimization problem where

the multisine amplitude, frequency and phase are optimized to yield maximumPDC
out .

It is essential to reiterate that a multisine waveform can approximate (or accurately

represent forN ! 1 ) any waveform. The modi�ed optimization problem can be

expressed as

max
f An , fn ,� ng

PDC
out

subject to
NX

n= 1

A2
n = PTx

j fn j �
W

2
8n 2 [1,N ], (5.7)

where
P N

n= 1A2
n denotes the transmit power as de�ned in (3.3). Again, the two con-

straints ensure the transmit power and bandwidth limits are adhered, respectively.

However, in order to yield the globally optimum waveform w.r.t. (5.5), the above

optimization problem requires alsoN to approach in�nity. The wireless channel is

assumed to be a practical slow-fading frequency-selective channel.

The process undertaken to attain the optimal transmit waveform is as follows. At

�rst, the optimal envelope signal at the RF energy harvester input that maximizes

PDC
out is determined. Later, by accounting for the wireless channel, the transmit wave-

form parameters are chosen so as to yield the optimal waveform at the receiver input.
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Optimization Problem at the Receiver

The novel recti�er model presented in (4.3) relies on� (p) and fP (p). While � (p)

characterizes the energy harvester in use, the power distributionfP (p) is represen-

tative of the waveform features and is thus optimizable. Therefore, the waveform

optimization problem at the receiver can be expressed as

max
fP (p)� 0

Z 1

0
� (p) � p � fP (p)dp

subject to
Z 1

0
p � fP (p)dp = PRF

in

Z 1

0
fP (p)dp = 1. (5.8a)

If fP (p) is implicitly constrained to be a proper probability density function, then

the optimization problem is simpli�ed to be

max
fP (p)

Ef � (P ) � Pg

subject to Ef Pg= PRF
in (5.8b)

which should yield the optimal power distribution f �
P (p) for the envelope signal

that maximizesPDC
out . Interestingly, it is possible for many different combinations

of An, � n, fn to yield the samef �
P (p), that is, many different waveforms can have

the same power distribution for their envelope signal. In such a case, the optimal

waveform is determined based on the constraints (5.5).

Now, the objective function PDC
out is maximized at a givenPRF

inEH
when the EH

receiver operates at maximum� RF-to-DC at that PRF
inEH

. It is clear from Fig. 4.10 that

these different EH circuits yield the maximum� RF-to-DC at just one uniquePRF
inEH

. It

must be noted that for a CW,p = PRF
inEH

, and so� (p) = � RF-to-DC. Let us denote that

instantaneous/ average input power of the envelope signal that yields the maximum

� (p), for a givenRL , asp, that is,

p = argmax
p

� (p). (5.9)
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Therefore, the upper bound for the objective function can now be expressed as

Ef � (P ) � Pg �

8
<

:

Ef � (p) � Pg, PRF
in � p,

� (Ef pg) � Ef pg, PRF
in > p

=

8
<

:

� (p) � PRF
in , PRF

in � p,

� (PRF
in ) � PRF

in , PRF
in > p.

(5.10)

Furthermore, for the casePRF
in > p, the product� (P ) � P is assumed to be concave.

This assumption is corroborated by actual experimental data, as shown in the several

plots for � RF-to-DC versusPRF
inEH

for a CW in Chapter 4, for example Fig. 4.12(a). Given

a concave product, the Jensen's inequality[137] is employed in (5.10).

Practically, the upper bound implies that the envelope signal of the incident RF

signal must have only one non-zero power level atp or PRF
in . Let us examine one

such power density function given by

f P (p) = ( 1� � ) � � (p) + � � �

‚

p �
PRF

in

�

Œ

, (5.11)

where the parameter

� =

8
<

:

PRF
in
p , PRF

in � p,

1, PRF
in > p

(5.12)

represents the relative duration of the power level. Substitutingf P (p) in the objec-

tive function gives

PDC
out = Ef � (P ) � Pg

=
Z 1

0
� (p) � p � [(1� � � ) � � (p) + � � � � (p �

PRF
in

� �
)] dp

= �

‚
PRF

in

� �

Œ

� PRF
in . (5.13)

Now, on substituting (5.12) in (5.13) and then comparing with (5.10), it is clear that

(5.11) attains the upper bound and is thus an optimal solution for maximizingPDC
out .
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Moreover, � represents optimal relative duration of the power level of the optimal

fP (p). Thus,

f �
P (p) = f P (p), � � = � . (5.14)

The optimal density function represents a pulsed RF wave with duty cycle� � . Next,

let us revert back to the original problem (5.7) of determining the optimal waveform

at the transmitter.

5.2.2 Optimal Waveforms at the Transmitter

The analysis off �
P (p) in (5.11) reveals that the optimal envelope signal is a rectan-

gular pulse. However, it gives no information about the frequencies or phase of the

optimal baseband signal. At the transmitter side, the bandwidth constraint in (5.5)

is critical, for which it is assumed that the spectrum regulations specify� as a param-

eter for spectral containment and the maximum permissible absolute pulse duration

� max. Let Wx denote the actual signal bandwidth that satis�es the bandwidth con-

straint in (5.5), such thatW min � Wx � W . The parameter� max allows ascertaining

the minimum instantaneous bandwidthW min for the transmitted signal as follows.

A pulsed RF signal allows for frequency modulation at the baseband. However,

in order to attain a high-PAPR pulse at RF, the absolute pulse duration needs to be

as small as feasible, say� min, which necessitates minimal frequency variation at the

baseband. Therefore, frequency modulation at the baseband ought to be avoided and

rather choose the optimal baseband transmit frequency to extract maximum channel

gain as

f � = argmax
f

jH ( f )j2 (5.15)

subject tof 2

–

fL +
W min

2
, fU �

W min

2

™

,

where H ( f ) represents the Fourier transform of the baseband equivalent of chan-

nel ĥ(t ), while fL and fU represent the lower and upper boundaries of the available

channel bandwidth, respectively, such thatW = fU � fL . In fact, W min represents

the total guard bandwidth at the edges ofW which ensures that the spectral leakage

to the adjacent bands is restricted to(1� � )PTx , as required in (5.5). In general, the

actual signal bandwidth is given byWx = 2minf f � � fL , fU � f � g.
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Based on the knowledge thus far, the optimal baseband signal at the transmitter

can be given as

x� (t ) = exp( j 2� f � t + j � � ) � r (t ), (5.16)

where

r (t ) =

8
>>><

>>>:

Ar , 0< t < � ,

0, � < t < T,

r (t + k T ), k 2 Z

(5.17)

represents a train of rectangular pulses with absolute pulse duration� min � � � � max

and repetition intervalT . The optimal duty cycle� � in (5.12) can, thus, also be

represented as

� � =
�

T
(5.18)

and, consequently, amplitudeAr from the �rst constraint in (5.5) is given as

Ar =

vut PTx

� �
. (5.19)

Now, in order to complete the waveform optimization problem at the transmitter,

the parametersW min,Wx, � min,T and� � need to be determined.

Let us begin by determiningW min and � min by utilizing the second constraint

in (5.5), based on the available transmit powerPTx and � . Consider the Fourier

transform of x� (t ) given as

jX ( f � + f )j = jAr � sinc(� f � ) j. (5.20)

For any general bandwidthB, substituting (5.20) in the second constraint of (5.5)

and using (5.19) gives

� PTx �
1

T

Z B=2

� B=2
jAr � sinc(� f � ) j2df

�
A2

r �

T
�

2A2 � 2

T

Z B=2

0
sinc2 (� f � ) df

� �
1X

m= 0

(� 1)m (2� � B)2m+ 1

� (2m + 1) (2m + 2)!
. (5.21)
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Figure 5.3 Absolute pulse duration corresponding to signal bandwidth for different values of spectral

containment parameter � as de�ned in (5.5).

It is apparent that an expression for� in terms ofB, or vice-versa, cannot be obtained

from (5.21). However, it is possible to do so numerically and the simulation results

are depicted in Fig. 5.3. So, let us de�ne a functionq(� ,B) such that

q(� ,B) =
1X

m= 0

(� 1)m (2� � B)2m+ 1

� (2m + 1) (2m + 2)!
� � . (5.22)

Then W min, in terms of � max, will be the solution to

q(� max,W min) = 0, (5.23)

while � min, in terms ofWx, will be the solution to

q(� min,Wx) = 0. (5.24)

The minimum absolute pulse duration� min for any signal bandwidthWx is demon-

strated in Fig. 5.3. Additionally, it is apparent therein that the spectral containment

parameter� greatly affects� min. For Wx � 10 MHz, � min � 0.1� s even for� = 90%

which implies that given the bandwidth and� constraints, transmitting multiple

short pulses (� < 0.1� s) is not viable.In a practical RF WPT system, the transmitter

always transmits at the maximum permissible power PTx while utilizing Wx bandwidth,

which caters to a frequency selective channel as well.Thus, � min obtained from (5.24)

is the best choice for� in practice.

Once � is chosen, the repetition intervalT is obtained using (5.18). The deter-

mination of � � is insigni�cant from an RF WPT perspective since any choice of�
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Table 5.2 A brief summary of the approach employed for solving the waveform design problem.

Given: � ,PTx , � max, p, fL , fU ,PRF
inEH

, jH ( f )j

To determine: Ar , �
� , f � , � ,T ,Wx

Logic:

1. Obtain � � from (5.12)

2. Obtain Ar from (5.19)

3. Obtain f � from (5.15)

4. If � � == 1

� = T = � max,

Obtain Wx = W min as a solution toq(� max,W min) = 0 from (5.22)

5. else

Wx = 2minf f � � fL , fU � f � g,

Obtain � as a solution toq(� ,Wx) = 0 from (5.22),

Obtain T from (5.18)

would not alter the envelope signal with a single basebandf � . This concludes the

waveform design at the transmitter with the optimal signal being a apulsed RFas

shown in Fig. 5.4. The fact that� � is a free choice actually allows the optimal RF

WPT waveform to simultaneously transfer information through phase modulation,

where the amplitude of the signal stays constant. Thecontinuous phase modulation

pulsed RFsignal satis�es this criteria and is thus suitable for RF SWIPT while being

optimal for RF WPT alone. The logic of waveform design is summarized in a lucid

way in Table 5.2.

Finally, a minor practical caveat needs to be noted. The optimal envelope sig-

nal at the receiver is a rectangular wave and it is considered to be the optimal at

the transmitter as well. However, when the transmitter emits a rectangular wave as

an envelope signal, the multipath propagation through a wireless medium ensures

that the envelope signal at the receiver varies slightly from a rectangular wave due

to delay spread. Nonetheless, the distant multipath components are already very

insigni�cant from an RF WPT perspective due to the higher path loss they suffer,

and thus can be neglected.

78



A
r

Figure 5.4 Optimal signal at the transmitter: a pulsed RF signal with absolute pulse duration � , repetition

interval T and amplitude Ar , with the baseband frequency f � � fc.

5.3 Experimental Veri�cation of the Optimal Waveform

Now, the experimental andwaveform-to-energyharvesting model results that exam-

ine the optimality of the pulsed RF waveform for WPT are presented. The opera-

tional parameters for these experiments are mentioned in Table 4.2. The results for

the frequency band 2 of the multiband recti�er are showcased. However, the results

are consistent for other frequency bands as well. The� RF-to-DC performance of a

pulsed RF waveform is evaluated, through measurements and model for different

values of� ,PRF
inEH

, andRL . The load capacitanceCL stays �xed at 15 pF which is ac-

tually the capacitance of the oscilloscope probe itself. The measurement results are

presented with markers whereas the model prediction is displayed as a solid line.

5.3.1 Pulsed RF versus Multisines

The outcome of Section 5.2 contradicts the literature which suggests multisine wave-

forms as optimal for RF WPT[24]. Therefore, in this subsection, the� RF-to-DC per-

formance of pulsed RF waveform is compared with that of multisines having sim-

ilar PAPR. An N-multisine signal has the same PAPR as� = 1
N pulsed RF signal.

However, thewaveform-to-energyharvesting model reveals, (and the measurements

corroborate, that anN-multisine signal and a� = 1
N -pulsed RF signal have different

� RF-to-DC performance as seen in Fig. 5.5. In order to have an unconstricted plot, only

the model predictions are shown in Fig. 5.5. The peak ef�ciency for each� RF-to-DC

curve corresponds to the onset of receiver saturation. It is evident forN = 2,128
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Figure 5.5 Evaluating the receiver ef�ciency of multisine waveforms and pulsed RF waveforms to deter-

mine the waveform more suitable for RF WPT.

that before the onset of saturation the pulsed RF waveform outperforms the multi-

sine signal. The multisines yield a higher� RF-to-DC in the saturation region, however,

a pulsed RF waveform with a lower� is still preferable for thesePRF
inEH

.

Another observation is that anN-multisine achieves the peak� RF-to-DC at a higher

PRF
inEH

than a 1
N -pulsed RF signal. Therefore, for a fair comparison with� RF-to-DC

peak at samePRF
inEH

, a pulsed RF with longer duty cycle� = 1
M (M < N) is needed.

This scenario is represented in the other two cases (forN = 16,1024) in Fig. 5.5.

Even in these cases, the pulsed RF provides superior� RF-to-DC performance than the

multisine signals, along with a higher peak� RF-to-DC. Overall, the model predictions

con�rm the theoretical result of a pulsed RF waveform being optimal for RF WPT

at anyPRF
inEH

.

5.3.2 Receiver Ef�ciency Variation with Duty Cycle

Let us now examine the variation of� RF-to-DC with duty cycle � . In an ideal scenario

with no bandwidth constraints, an impulse signal (� ! 0) is the optimal waveform.

However, the bandwidth constraints in a real-world environment would dictate the

choice of� . The � RF-to-DC for different � values is shown in Fig. 5.6. Evidently, the

measurements match the model predictions for allPRF
inEH

and� values. The mismatch

at lower PRF
in can be attributed to measurement inaccuracies of the oscilloscope and

the high noise �oor of the PAE. The main observation here is that each plot of a

pulsed RF signal is a shifted version of the plot for a CW. The shift is proportional

to the decrease in� . This is in agreement with the notion of thewaveform-to-energy

harvesting model since for any� the envelope of the transmitted signal stays the
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Figure 5.6 Variation of receiver ef�ciency with varying � and PRF
in for a pulsed RF waveform, determined

by the proposed recti�er model and veri�ed with measurements, with RL = 3.3k
 and

CL = 15 pF in the frequency band 2. The model allows ascertaining the optimal � that

attains maximum � at each PRF
in .

same. The reduction in� increases the peak power of the RF waveform during the

duration � which yields the� at a lowerPRF
inEH

.

A major bene�t of the waveform-to-energyharvesting model is also seen in Fig. 5.6,

wherein the model allows determining� RF-to-DC for small duty cycles (� = 0.001,

0.0001)that are not feasible by measurements due to the limited dynamic range of

the PAE. The primary learning from Fig. 5.6 is that given the� RF-to-DC plot for

a CW with the maximum receiver ef�ciency (� max), at sayPCW, then a pulsed RF

waveform can attain the same� max at anyPRF
inEH

< PCW by using a suitable� , which

is given as

� =
PRF

inEH

PCW
. (5.25)

Maximum Receiver Ef�ciency for Each Load Resistance

Thus far, a pulsed RF waveform is known to attain� max for any PRF
inEH

< PCW. Now,

let us try to evaluate how� max varies with the load value. These results are depicted

in Fig. 5.7. The smaller load resistors are suitable at higherPRF
in , while the largerRL

are apt for lowerPRF
in , as explained in Section 4.1.2. When multipleRL yield similar

� max, theRL providing the requiredV DC
out is suitable. In Fig. 5.7 as well, the utility of

the waveform-to-energyharvesting model in anticipating� RF-to-DC at lower PRF
inEH

for

different load values is demonstrated. Once the model acquires the measurements

for a CW, it anticipates the receiver power ef�ciency of a pulsed RF waveform for

any duty cycle� .
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Figure 5.7 Variation of receiver ef�ciency with duty cycle and load resistance for a pulsed RF wave. The

receiver ef�ciency with a continuous wave for different resistors is evaluated experimentally

and the model allows determining the receiver ef�ciency at any duty cycle � , which shifts

the curve to the left by 10 log10(� ). The maximum attainable ef�ciency is � 62%for RL =
10k
 .

This completes the discussion on the experimental validation of a pulsed RF

waveform being optimal for RF WPT. Next, the idea of using a pulsed RF wave

for RF SWIPT and the limitations thereof are investigated.

5.4 Performance Evaluation of Pulsed RF for RF SWIPT

Towards the end of Section 5.2.2, a continuous phase modulated pulsed RF wave-

form is hypothesized as being optimal for the power transfer part of RF SWIPT.

The hypothesis arises from thewaveform-to-energyharvesting model which antici-

pates that a continuous phase modulated waveform will have the same� RF-to-DC as a

CW due to the two having the same envelope signal.

5.4.1 Receiver Ef�ciency of Phase Modulated Pulsed RF Waveform

A continuous phase modulated pulsed RF waveform possesses the same envelope

signal as a regular pulsed RF waveform with no phase modulation, and thus yields

the same� RF-to-DC as well. This is con�rmed through the measurements and model

predictions showcased in Fig. 5.8(a), wherein� RF-to-DC is evaluated for an pulsedM-

PSK signal (M = 4,8). The measurement plots for 4-PSK and 8-PSK are found to be

overlapping in accordance with the model prediction since anyM-PSK signal has the

same envelope. Similar to the observations in Fig. 5.6, the plots for pulsedM-PSK

signal in Fig. 5.8(a) are a shifted version of the plot for a CW, depending� .
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Figure 5.8 Receiver ef�ciency of 1 MSps RF SWIPT signals for varying PRF
in , with RL = 10k
 in the

frequency band 3 of the multiband recti�er as described in Table 4.2.

Furthermore, the� RF-to-DC performance comparison with other information sig-

nals, such as the (� = 1) single-carrier (SC) 64 QAM, and OFDMM-PSK and OFDM

64-QAM signals is showcased in Fig. 5.8(b). It is evident that theM-PSK modulated

pulsed RF signal yields the highest� max overall that can be replicated at anyPRF
inEH

by simply varying � . The results in Fig. 5.8 and Fig. 5.9 are only summarized here,

while they are presented in more detail in[P6].

5.4.2 Receiver Power Ef�ciency—Throughput Trade-off

In a realistic RF SWIPT system employing continuous phase modulated pulsed RF

waveforms, the transmitter could initially transmit a CW signal to the receiver, in

order to receive a feedback about thePRF
inEH

level at the RF EH receiver input. The

transmitter then varies� accordingly (but not necessarily chooses� that maximizes

� RF-to-DC) and transmits a phase-modulated pulsed RF signal towards the receiver for

SWIPT. Let us now discuss the trade-off that needs to be dealt with while employing

phase modulated pulsed RF waveforms with the aid of Fig. 5.9. The test-bed used

for these measurements is discussed in Section 3.5.

In Fig. 5.9, the receiver power ef�ciency—throughput trade-off in SWIPT is de-

picted for two different load values. On reducing the duty cycle of a pulsed RF wave

by � (to attain � max at a desiredPRF
inEH

), the throughput � also reduces by the same

factor since there is no transmission for(1� � )T duration of the signal. In the input

power range relevant to RF WPT (PRF
inEH

� 0 dBm), it is apparent in Fig. 5.9 that as
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Figure 5.9 Ef�ciency—throughput trade-off for M-PSK modulated pulsed RF waveforms in a SWIPT

system. Along with the throughput, the horizontal axis also represents the corresponding

duty cycle of the pulsed RF waveform.

throughput increases due to an increase in� , the receiver power ef�ciency reduces

which results in a trade-off. The transmitter needs to balance this� RF-to-DC� � trade-

off based on application requirements.

Interestingly, for PRF
inEH

= 5 dBm,� RF-to-DC reduces along with� as� is reduced.

This observation can be attributed to the fact that at highPRF
inEH

, low � would gen-

erate a high-PAPR pulsed signal which will saturate the RF EH receiver already at

5 dBm, thereby giving poor� RF-to-DC. As � is increased, along with an increase in

� , � RF-to-DC increases as well since the increase in� reduces the PAPR of the pulsed

RF signal and it saturates the receiver at an higherPRF
inEH

than before.

Overall, the receiver power ef�ciency—throughput trade-off provides an oppor-

tunity for the development of novel scheduling protocols depending on the SWIPT

network type or con�guration. An IoT network typically comprises sensors that

transmit small amount of data, that too sporadically. In such a scenario, an RF

SWIPT system can prioritize WPT over information transfer and resort to a pulsed

RF with low duty cycle. The duty cycle of the pulsed RF could be dynamically

updated based on the sensor requirements.

In summary, the experimental analysis in the �rst part of this chapter reveals that

a QPSK signal is suitable from the transmitter ef�ciency and transmission EVM per-

spective, while the waveform optimization in the second part of this chapter con-

�rms that a continuous phase modulated signal, such as a QPSK signal, is optimal

for maximizing the average harvested DC power at the receiver.
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6 SYSTEM-LEVEL ANALYSIS IN RF WPT

The transmitter and receiver side analysis of an RF WPT system is covered in the

previous two chapters, including experimental analysis, modeling and waveform op-

timization. In this chapter, a system-level end-to-end experimental analysis of an RF

WPT system is presented. The power ef�ciency of the entire system is discussed,

from the overall input DC power at the transmitter to the average harvested DC

power at the receiver. The corresponding measurements have been performed over

a wireless channel to truly assess the viability of RF WPT in a practical real-world en-

vironment. Furthermore, the impact of a re�ecting surface on the average harvested

DC power, through constructive and destructive scattering, is also examined.

6.1 Experimental Setup for Data-Driven Analysis of RF WPT

Ef�ciency

The novel GNU radio-based test-bed to determine the end-to-end (i.e., DC-to-DC)

power ef�ciency � DC-to-DC for RF WPT is presented in Section 3.2. It comprises a

USRP-2900 transmitter and a Powercast P2110b RF EH receiver. The measurement

setup captures the overall input DC power at the transmitter: the power consump-

tion of the USRP-2900 for RF waveform generation and the power consumption of

the PAE for ampli�cation. In this way, the test-bed is able to evaluate the transmitter

ef�ciency using (3.4). Moreover, the test-bed also facilitates determining� DC-to-RF

which has been covered in Chapter 5. Additionally, the test-bed allows evaluating

� DC-to-DC for any digital baseband waveform including multisine signals as well as

ordinary communication signals such as PSK and QAM. Furthermore, it facilitates

comparing the transmitter, channel and receiver power ef�ciencies to better under-

stand their impact on the end-to-end power ef�ciency in RF WPT.
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Figure 6.1 Channel response in the European and American ISM frequency band based on the channel

sounding measurements in an anechoic chamber.

Motivation for Open-Loop System

Let us �rst understand the differences between the test-bed used here and other such

implementations in literature. The test-bed in Fig. 3.3 is an open-loop system that

does not require CSI feedback to the transmitter. An open-loop system is employed

in this study due to its feasibility in a real-world scenario. Although closed-loop

system achieve a superior and robust WPT performance, the enhanced performance

comes at the cost of increased complexity. The target receivers for RF WPT/ SWIPT

are simple sensing and computing nodes with minuscule power requirements, and

are incapable of complex tasks such as channel estimation. Therefore, an open-loop

system is a rational approach over a narrow bandwidth.

Channel Sounding

The open-loop approach is viable if the channel is �at-fading. Operating over a

frequency-selective channel without CSI feedback may result in signi�cant WPT per-

formance degradation[24]. In order to assess the channel response in the unlicensed

frequency band of operation, a microwave network analyzer has been utilized to

perform channel sounding in an anechoic chamber. The channel response in the Eu-

ropean (863� 873 MHz) and American (902� 928 MHz) Industrial, Scienti�c, and

Medical (ISM) bands is measured. The anechoic chamber setup is presented in Sec-

tion. 3.2.4. For the measurement, the transmitter—receiver separation (D) was set to
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1 m. Moreover, the impact of a re�ecting surface on the channel response was also

evaluated. The measured channel response is shown in Fig. 6.1, wherein the center

curve showcases the channel response with no re�ector, while the upper and lower

curve display the channel response with the re�ector providing constructive (Case

1) and destructive (Case 2) scattering, respectively.

Apparently, the channel response varies only slightly in the entire 10 MHz and

26 MHz bandwidth of the two ISM bands in the case of constructive scattering and

in the absence of a re�ector. When the re�ecting surface causes destructive scatter-

ing, the channel response seems to be frequency selective, especially in the 26 MHz

bandwidth. For the wireless experiments, the number of tones of multisinesN are

kept similar to those in literature[36, 124] which results in a maximum undistorted

bandwidth of 3.2 MHz. Accordingly, the channel response for a 4 MHz bandwidth

is also depicted in Fig. 6.1 which is clearly �at-fading in all the three cases for both

the frequency bands. In this chapter, the experimental results for the European ISM

band are presented. The outcomes for the American ISM band are similar and avail-

able in[P1].

A �at-fading channel allows designatingAn = A,� n = � , which implies that all

the tones have equal amplitude and phase to yield a coherent multisine signal. This

is in accordance with the recommendation[36, 124, 138] for a �at-fading channel.

Furthermore, a coherent multisine eliminates the need for CSI feedback and thus a

closed-loop system.

Operational Parameters and Anechoic Chamber

The operational parameters for the wireless experiments are summarized in Table 6.1.

The range of gain settingGUSRP for the USRP is determined by the experimental

setup. The upper limit is set by the input threshold power for the PAE (� 5 dBm),

while the lower limit is decided by the minimum acceptablePDC
out . The P2110b RF

energy harvester employed for these experiments comprises an onboardRL = 286
 .

Therefore, it must be noted that the results presented in this chapter hold for load

values of the order of a few hundred ohms. The P2110b also comprises a DC-to-DC

boost converter which is not utilized in these experiments since the focus is on assess-

ing � DC-to-DC . The impact of a DC-to-DC boost converter on� RF-to-DC of multisines

is examined in[139].
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Table 6.1 Operational parameters for the wireless experiments to evaluate the impact of a digital radio

transmitter on the end-to-end power ef�ciency of RF WPT for multisine signals as well as

communication signals.

Parameter Details

Frequency band 863� 873 MHz (unlicensed)

Carrier frequencyfc fc = 868 MHz

Sampling rate 40 MHz

Baseband fundamental frequency f0 = 200 kHz

RF WPT signal Multisine with N 2 f 1,2,4,8,16g

PAPR for multisines
¨

2, N = 1
[4,2N ] (0.5 steps), N > 1

RF SWIPT signals QPSK, 8-PSK, 8-QAM, 16-QAM

Bit rate (Mbps) 0.1,0.2,0.32,0.5,1,2,3.2,5,10,20

USRP gain settingGUSRP [40,57] dB

PAE gain 43.5 dB

Load resistorRL 286


Transmitter—receiver separation 1,1.1,1.2,1.3,1.4,1.5,1.6,1.7,1.8,1.9,2,2.2,

D (m) 2.4,2.6,2.8,3,3.25,3.5

In order to avoid any undue interference to the adjacent licensed GSM band, all

the wireless experiments have been performed in an anechoic chamber. A re�ecting

surface is employed to set up a real wireless multipath propagation environment and

study the impact of scattering on the average harvested DC power in RF WPT. The

Furthermore, the transmitter—receiver distance is varied to to study different levels

of attenuation. Additionally, the position of the re�ecting surface, relative to the

transmitter and receiver, is varied to realize constructive and destructive scattering.

These scenarios are depicted in Fig. 6.2. Next, the results for� DC-to-DC of multisines

and communication signals are presented. Each result therein is obtained by averag-

ing the outcomes of three transmissions, with each transmission being 10 s long. A

summary of the results is presented here, whereas the detailed analysis is available in

Section IV in[P3].
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(a) D = 1 m, Anechoic (with-
out re�ector)

(b) D = 1 m, Case 1 (with re-
�ector)

(c) D = 1 m, Case 2 (with re�ec-
tor)

(d) D = 2 m, Anechoic (with-
out re�ector)

(e) D = 2 m, Case 1 (with re�ec-
tor)

(f) D = 2 m, Case 2 (with re�ec-
tor)

Figure 6.2 Anechoic chamber setup for measuring the end-to-end power ef�ciency in RF WPT. The

position of the re�ecting surface and the transmitter—receiver distance ( D ) are varied to

experiment with varying channel conditions.

6.2 End-to-End Ef�ciency of Multisine Waveforms

Given a �at-fading wireless channel, the parameters for the baseband multisine sig-

nal in (3.1) are chosen asAn = A, fn = ( n � N+ 1
2 ), � f and � n = �

4 . The measure-

ment results for� DC-to-DC of multisine signals forD = 1 m andD = 2 m are pre-

sented in Fig. 6.3. As a reference case, the� DC-to-DC of a 1 Mbps QPSK signal, with

x(t ) = x̄(t ) = ( � 1� j )=
p

2, is also shown. It is apparent that the plots forD = 1 m

and D = 2 m differ only by a constant attenuation factor since the channel is �at-

fading. As a result, the forthcoming discussions are common for bothD values.

The four subplots in Fig. 6.3 correspond to different values ofA and showcase the

corresponding effect of DAC clipping. WhileGUSRP � 51 dB, the PAs operate in

the linear ampli�cation region and thus� DC-to-DC increases linearly for all the wave-

forms. Afterward, the output of the PAI drives the PAE into saturation, thereby

saturating� DC-to-DC .

In Fig. 6.3(a), whenA = 1, the � DC-to-DC of multisine signals forN � 2 is very

similar and lower than that of a CW (N = 1) and the QPSK signal. Apparently,

increasing the number of tones whenA = 1 does not provide any performance ad-

vantage due to the heavy clipping that the high-PAPR signals are subject to at the

DAC. Consequently, thePRF
out and thence the� DC-to-DC reduces. Next, in Fig. 6.3(b)
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(a) PAPR reduced due to clipping whenA = 1 (b) PAPR reduced due to clipping whenA =
1=

p
N

(c) PAPR reduced due to clipping whenA = 1=N (d) Varying PAPR with N = 4

Figure 6.3 Measurement results for the end-to-end WPT ef�ciency of cophased N -tone multisine wave-

forms.

and 6.3(c), the results forA = 1
p

N
andA = 1

N are presented, respectively. While the

former setting ensures that all the waveforms have the same average input power be-

fore the PAI stage, the latter assures an unclipped waveform at the transmitter output.

In both the cases, increasing the number of tones reduces� DC-to-DC . Speci�cally, in

the latter case, scaling down the amplitude (with increasingN) to preserve the wave-

form shape (by avoiding clipping) only worsens the� DC-to-DC performance, since it

reducesPRF
out . The impact of varying PAPR, for a given multisine, on the� DC-to-DC

of RF WPT is depicted in Fig. 6.3(d), wherein the PAPR ofN = 4 multisine is varied

from N to 2N by successively decrementingA from 1 to 1
N . While reducingA is

useful in reducing the distortion due to DAC clipping, it also results in reducedPRF
out

thus yielding lower� DC-to-DC . It implies that diminishingA to preserve the shape of

the waveform and then purely depending on the PAE for power ampli�cation is not
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desirable for maximizing the� DC-to-DC in RF WPT. The results in Fig. 6.3 highlight

that PRF
out is the prominent parameter that impacts the� DC-to-DC performance of RF

WPT over a �at-fading channel with an SDR transmitter, and not PAPR as suggested

in [1, 22, 24].

The average output RF powerPRF
out being the eminent parameter also explains

why the QPSK reference signal and CW outperform all the other multisine signals.

The QPSK and CW are not subject to DAC clipping and yield higherPRF
out than the

multisines, thus providing the highest� DC-to-DC as well. A signi�cant observation

is that the QPSK signal outperforms even the CW even though both have the same

envelope signal and are thus expected to yield the samePRF
out . This difference in their

� DC-to-DC performance highlights the following major limitation of the SDR: during

digital pre-processing, the DAC seems to curtail the real (and imaginary) components

of a complex sinusoidal signal whose magnitude is closer to one. As a result, a QPSK

signal having the IQ component magnitude of 0.707 is unaltered by the DAC and

thus has a higherPRF
out than a CW.

It is essential to note that the aforementioned observations and inferences related

to high-PAPR multisine signals faring poorly in RF WPT differ from the conclusions

in literature, such as[124]. The disparity can be attributed to the fact that the� of RF

WPT is affected by numerous parameters such asPRF
out ,P

RF
inEH

, PAPR of the waveform,

CSI conditions, waveform shape, practical limitations of the SDR hardware, the RF

EH circuit and the load. Moreover, the primary focus in this study is� DC-to-DC for

an off-the-shelf RF EH circuit, and thus the waveforms'� DC-to-DC performance is

compared while keeping thePDC
in �xed. The system-level performance comparison

incorporates the impact of the transmitter side distortions which play a signi�cant

role in degrading the� DC-to-DC performance of high-PAPR multisines.

6.3 End-to-End Ef�ciency of Communication Signals

In Fig. 6.3, an information bearing QPSK-modulated RF signal provides the best

� DC-to-DC for RF WPT. The results in Chapter 5 conclude that a continuous phase

modulated signal provides the highest peak� RF-to-DC in RF WPT. In this section, the

utility of ordinary communication signals for RF WPT is further explored, in terms

of � DC-to-DC for varying USRP gain, transmitter—receiver separation, bit rates, and

re�ector positions. The communications waveforms and the operational parame-
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(a) End-to-end ef�ciency of information signals
for varying USRP gain settings

(b) Transmitter and receiver ef�ciency of informa-
tion signals for varying USRP gain settings

(c) Channel ef�ciency of information signals for
varying USRP gain settings

Figure 6.4 Experimental observations for the various power ef�ciencies in RF WPT.

ters are described in Table 6.1. The IQ values of these digital baseband signals are

such that they do not suffer DAC clipping. Thus, the average power of the digital

baseband QPSK, 8-PSK, 8-QAM and 16-QAM signals are 1, 1, 0.75, and 0.56, re-

spectively. With the channel bandwidth being 10 MHz, the bit rate of the baseband

signals is limited to 20 Mbps.

End-to-End Ef�ciency of Communication Signals versus USRP gain setting

The results for� DC-to-DC of communication signals for varyingGUSRP are shown in

Fig. 6.4(a), wherein� DC-to-DC is invariant of the transmission bit rate. Moreover, it is

evident in Fig. 6.4(a) that� DC-to-DC reduces with increasing modulation order, which

is further con�rmed by the 8-QAM and 8-PSK signals yielding similar� DC-to-DC .
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Another explanation is that the impact of the DAC truncating the IQ values of the

baseband signal that are close to one is again seen in the results of Fig. 6.4(a). While

the QPSK and 8-PSK signals have the same average value of one, the latter has lower

� DC-to-DC due to its constellation having symbols with IQ component magnitude

closer to one which are then truncated by the DAC. Similar to Fig. 6.3, the plots for

D = 1 m andD = 2 m in Fig. 6.4(a) differ only by a constant attenuation due to the

channel being �at-fading.

The end-to-end ef�ciency is explored in further detail by evaluating� DC-to-RF,

� RF-to-RF and � DC-to-RF separately. These are depicted in Fig. 6.4(b). The primary

observation is that� DC-to-RF < � RF-to-DC, that is, the transmitter power ef�ciency is

lower than the receiver power ef�ciency. This observation, in particular, signi�es the

importance of studying the RF waveform generation ef�ciency (and subsequently

the overall end-to-end power ef�ciency) in RF WPT. The truncation effect of the

DAC explains the� DC-to-RF order of the communication signals, and thus also for

� RF-to-DC. With regards to the receiver power ef�ciency, in the linear ampli�cation

region, the slopes of the curves forD = 1 m and 2 m are dissimilar. The increase

in � RF-to-DC is more rapid forD = 2 m which implies that the RF energy harvester

utilized for these experiments provides higher� RF-to-DC at lower PRF
inEH

levels com-

pared to higherPRF
inEH

levels. Next, the channel ef�ciency or path loss is depicted in

Fig. 6.4(c), wherein all the communication waveforms evidently experience similar

path loss since the channel is �at-fading. The deviations in� RF-to-RF at higherGUSRP

can be attributed to the PAE which runs in the saturation mode to generate non-

linear distortions. The waveform distortion leads to spectral regrowth and subjects

the signals to a frequency-selective channel.

Overall, a QPSK-modulated signal provides the best end-to-end power ef�ciency

amongst the RF SWIPT signals, at all bit rate andGUSRP values.

End-to-End Ef�ciency of Communication Signals versus Transmission Bit Rate

The results in Fig. 6.4 suggest that� DC-to-DC is invariant of the transmission bit rate

for all the communication signals. This is further explored for all the transmission

bit rates in Table 6.1 and the results are shown in Fig. 6.5. It is apparent that� DC-to-DC

is, indeed, fairly independent of thetransmit bit rate. Now, with regards to there-

ceivebit rate or throughput (� ), it is essential to note that the receiver sensitivity

of a communication receiver is much lower (< � 80 dBm) than an RF EH receiver
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Figure 6.5 End-to-end power ef�ciency of information signals for varying transmission bit rates.

(� 30 to � 15 dBm for commercial energy harvesters)[23, 79, 80]. Therefore, in the

power range that is relevant to RF EH (even with the PS scheme), the BER for a

communication receiver is practically zero[23] and has been con�rmed for a QPSK

signal, for varying transmitter—receiver separation relevant to RF SWIPT, in[P6].

Thus, the receive bit rate is effectively equal to the transmit bit rate as per (3.25).

Consequently, the overall power� DC-to-DC is expected to be fairly independent of

the receive bit rate as well.

End-to-End Ef�ciency in the Presence of a Re�ecting Surface

Next, the impact of varying the position of the re�ecting surface on the� DC-to-DC of

communication signals is assessed through the results in Fig.6.6. As explained in Sec-

tion 6.1, varying the re�ector position has a direct impact on the channel response.

However, since the channel is essentially �at-fading, the change in response is only

re�ected as a gain or attenuation depending on constructive scattering or destructive

scattering, respectively. These effects are in the different end-to-end power ef�ciency

plots in Fig.6.6. Furthermore, the �at-fading channel ensures that the� DC-to-DC plots

for the D = 1 m andD = 2 m are similar. When the re�ecting surface provides con-

structive scattering, a signi�cant gain of around 4 dB is observed in both the cases

as compared to the no re�ector case. On the contrary, a re�ector positioned for

destructive scattering and reduce� DC-to-DC by about 2 dB. The results re�ect that

constructive scattering by a re�ecting surface can effectively double the harvested

DC power in RF WPT.

95



Figure 6.6 End-to-end ef�ciency of a QPSK-

modulated signal for varying channel

conditions.

Figure 6.7 Comparison of different power ef�-

ciencies in an RF WPT system for a

1 Mbps QPSK-modulated signal

Comparison of Various Power Ef�ciencies

A visual depiction of the breakdown of� DC-to-DC into transmitter, receiver and chan-

nel ef�ciencies for varying transmitter—receiver distance is presented in Fig. 6.7. The

transmitter—receiver separation (D) is varied from 1 m up to 3.5 m for these mea-

surements. An increase inD reduces the incidentPRF
inEH

signi�cantly. Apparently,

� RF-to-DC also reduces withD implying that the RF energy harvester utilized in this

work has lower� RF-to-DC when the incidentPRF
inEH

is small. The viability of RF WPT

is evident in Fig. 6.7: for a distance of 3 m, the test-bed is able to harvest about

0.1 mW of DC power, while for 1 m separation the harvested power is higher than

1 mW. Furthermore, the relation between the transmitter, channel and receiver ef�-

ciencies can be summarized as:� RF-to-RF � � DC-to-RF < � RF-to-DC.
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7 CONCLUSIONS AND FUTURE SCOPE

In the �nal chapter of this thesis, a summary of the main outcomes of this study

is presented. Furthermore, the potential research problems to carry forward the

research pursued in this study are discussed. This thesis takes an experiment-driven

approach to study RF WPT, in terms of its power ef�ciency, physical limitations,

modeling and eventually design. The observations and results of this study could

serve as a basis to model any RF EH receiver, analyze a digital radio transmitter for

WPT, develop scheduling algorithms for RF SWIPT system, etc.

7.1 Main Outcomes

This section discusses the main outcomes of this research study corresponding to the

research objectives described in Chapter 1.

At �rst, a novel GNU Radio-based test-bed is developed to study the system-level

power ef�ciency of an RF WPT system for any digital baseband waveform, compris-

ing a USRP-2900 transmitter, and an RF EH receiver with a T-matching network

and two RF-to-DC chips. The prototype is both low-cost and allows the study of

the limitations of a practical digital radio transmitter on the power ef�ciency and the

quality of RF signal transmission. The test-bed allows monitoring the transmitter's

DC power consumption to evaluate the power ef�ciency for RF waveform genera-

tion. Moreover, the test-bed facilitates separate analysis of the channel, and receiver

power ef�ciencies, thereby providing the complete end-to-end power ef�ciency eval-

uation. The test-bed is further enhanced to incorporate SWIPT in order to examine

the trade-off between receiver power ef�ciency and system throughput. While the

test-bed primarily utilizes an off-the-shelf RF EH receiver to attain a fair idea about

the viability of RF WPT in real-world applications, a simple recti�er circuit is fabri-

cated as well, to evaluate the receiver model. Other test-beds to experimentally study

a EH receiver have also been developed.
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Secondly, the experimental analysis has led to the following conclusions regarding

a digital radio-based RF WPT/ SWIPT system.

• At the transmitter, the phenomenon of DAC clipping for high-PAPR signals

and truncation occurs for IQ values with magnitude closer to the clipping

threshold. As a result, the average output RF power of high-PAPR waveforms

diminishes. Subsequently, the EVM of high-PAPR RF WPT signals degrades

as well as their transmission power ef�ciency is hampered.

• The transmitter power ef�ciency is generally worse than the receiver power

ef�ciency in RF WPT. The former remains roughly constant in the linear am-

pli�cation region of the power ampli�er for a given gain setting and it reduces

with increasing PAPR in the non-linear region of ampli�cation. The trans-

mitter power ef�ciency can be maximized by transmitter design techniques,

such as extending the linear range of the power ampli�er through digital pre-

distortion. Meanwhile, the receiver power ef�ciency could be enhanced by

delivering more RF power to the EH receiver through transmit beamforming

or by introducing re�ecting surfaces.

• The receiver power ef�ciency is in�uenced by the average RF input power and

PAPR of the waveform, the impedance mismatch, and the output impedance.

When the goal is to maximize the receiver power ef�ciency at low input RF

power levels, then high-PAPR waveforms are suitable along with high load

value. Contrarily, a low-PAPR waveform and small load-value are needed

at high input RF power levels to avoid receiver saturation. Meanwhile, the

impedance matching network needs to be matched to a wide range of input

power for the EH receiver to be practically viable.

Thirdly, the experimental analysis at the receiver serves as a basis for the novel

waveform-to-energy harvesting model that is presented in this thesis. The model

associates the average harvested DC power to the power distribution of the enve-

lope signal of the incident RF waveform. The model relies on knowledge of the

instantaneous RF-to-DC power ef�ciency for a continuous wave and is able to accu-

rately predict the harvested DC power for a certain load and any waveform, given

the power distribution of its envelope signal. The model works for different RF EH

receivers, including different matching networks, recti�er circuit con�gurations and

a wide range of load impedance. This feature ensures that the waveform-to-energy
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harvesting model is valid for any RF EH receiver and can be determined by simply

determining the ef�ciency of that receiver for a continuous wave. The ef�cacy of the

waveform-to-energy harvesting model has been validated experimentally for a wide

range of RF input power, for different waveforms (including WPT-speci�c and com-

munication waveforms), for different diode types, matching networks and recti�er

con�gurations, for different load values as well as different frequency bands.

Lastly, the waveform-to-energy harvesting model is leveraged to design optimal

transmit waveform for RF WPT and RF SWIPT. The power distribution of the en-

velope signal of the incident RF waveform is dependent on the amplitude, phase

and frequencies of the baseband waveform. Therefore, the waveform-to-energy har-

vesting model is capable of optimizing these parameters in order to maximize the

harvested DC power at the receiver. The waveform design problem takes into ac-

count the bandwidth constraints in a wireless channel as well as the transmit power

limit. The optimization problem yields a pulsed RF wave as the optimal waveform

for maximizing the harvested DC power in RF WPT at any input RF power. The

duty cycle of the optimal pulsed RF waveform is varied in accordance with the inci-

dent RF power estimate to achieve the maximum output DC power. The optimality

of these pulsed RF waveforms is also veri�ed experimentally in terms of the receiver

power ef�ciency. In general, an RF waveform with a constant envelope during trans-

mission is optimal. Consequently, information bearing pulsed continuous phase

modulations such as pulsed PSK are also optimal for RF WPT. Furthermore, the

viability of pulsed PSK waveforms for RF SWIPT is assessed in terms of the receiver

ef�ciency—throughput trade-off which paves the way for scheduling algorithms for

a SWIPT-based IoT network.

7.2 Scope for Further Work

While this thesis addresses numerous research problems concerning a practical RF

WPT system, this research area is very vast and contains many more research prob-

lems yet to be pursued. Moreover, the outcomes of this thesis could be further ex-

tended into wider research problems. Furthermore, the ongoing practical adoption

of RF WPT into different �elds such as medical implants, industrial IoT, and smart

buildings has opened the doors to new interdisciplinary research problems related

to RF WPT. This section explores a few such interesting future directions.
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MIMO RF WPT Test-bed: This thesis presents the experimental analysis for a

single-input single-output RF WPT/ SWIPT test-bed. However, the theoretical and

experimental analysis holds for a SIMO RF WPT/ SWIPT system as well. The out-

comes of this thesis could serve as a basis to develop and analyze a multiple-input

multiple-output (MIMO) RF WPT / SWIPT test-bed. The primary objective in an

RF WPT system is to maximize the average harvested DC power with the available

resources. As such, an RF EH receiver would bene�t from receiving RF input power

from multiple energy sources at the same frequency, or rather from a single source

with multiple transmit antennas. The latter facilitates transmit beamforming to di-

rect the power beam towards the intended receiver, thereby providing signi�cant

power gain. On similar lines, a wideband EH receiver, such as the one used in this

study[79], could be leveraged to harvest energy from multiple frequency bands such

as ISM, GSM and WiFi to make an RF WPT system more viable. Receiver model-

ing and waveform design for such MIMO RF WPT systems are interesting research

problems that could be explored.

General Receiver Model Across all Load Resistances:This thesis presents a

waveform-to-energy harvesting model that requires data about the power ef�ciency

of a CW for varying input power and a given load resistor. The model is then able to

anticipate the average harvested DC power for any waveform and the same load. The

present model could be extended further so as to be capable of anticipating the out-

put DC power for any load value, as well as for variable load/ current for a constant

voltage output. The main challenge is to determine an expression for the impact of

varying load value on the receiver power ef�ciency, since it is simultaneously altered

by the amplitude distribution of the incident signal as well as the impedance mis-

match at the input and output of the receiver. One approach could be to resort to

machine learning by providing the ef�ciency training data of different load resistors

and input RF power.

Scheduling Algorithms for RF SWIPT: The trade-off between receiver power

ef�ciency and the system throughput of an RF SWIPT system for the optimal pulsed

PSK waveforms is discussed in Chapter 5. It reveals that while receiver power ef�-

ciency is enhanced by reducing the duty cycle, it also results in lower throughput

due to reduced transmission time. A SWIPT transmitter can, thus, prioritize either

receiver power ef�ciency or throughput depending on the application requirement.

For example, in an IoT sensor network, the transmitter can reduce the duty cycle
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enough to attain higher receiver power ef�ciency or even the maximum, since the

IoT sensors usually do not receive or transmit large amount of data. Such application-

speci�c algorithms to schedule the information and power resource can be developed

and examined using the RF SWIPT test-bed.

Radio Resource Management:The waveform-to-energy harvesting model is

suitable for scheduling the resources in a multiple user scenario. The model could

be utilized for determining the transmit power allocation for different users. In a

multiple user scenario, a single waveform may not be optimal for all users at once.

In this regard, the waveform-to-energy harvesting model could be leveraged for mul-

tiple user waveform optimization to ascertain the optimal waveforms for different

users. The model can also be leveraged to study the challenges involved in a mul-

tiple user SWIPT system and optimize the resource allocation. In such a SWIPT

system, different users can have varying energy and data rate requirements which

can be addressed by optimizing the waveform-to-energy harvesting model further.

RF SWIPT based IoT Sensor Network: While developing a viable RF WPT

system is a technical feat in itself, the true potential of RF WPT can be better lever-

aged by RF SWIPT. This paves the way for interdisciplinary research opportunities

such as RF WPT for medical implants where a wirelessly poweredin vivo sensor col-

lects, processes and transmits data back to the receiver outside the body. Wirelessly

powered IoT sensors in industrial or residential setup form a mesh network and re-

lay the sensing data towards the central node for further processing. In a real-world

environment, an RF SWIPT-driven IoT application deals with several research top-

ics such as power ef�ciency, latency, edge computing, networking, and information

security which need to be studied together to develop a viable RF SWIPT-based IoT

network.

Expanding the Analytical Framework: Future research endeavors could es-

tablish a comprehensive analytical framework for the performance assessment of

SWIPT systems. One such speci�c area of interest could be the study of the outage

probability in wireless energy transfer. Such an exercise would provide invaluable

insights into the reliability and ef�ciency of a SWIPT system in real-world scenarios

where the sensors rely on wireless power for their functioning and communicating

their data.
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[73] S. Özyurt, A. F. Coşkun, S. Büyükçorak, G. Karabulut Kurt, and O. Ku-

cur, “A survey on multiuser SWIPT communications for 5G+ ,” IEEE Access,

vol. 10, pp. 109 814–109 849, 2022. DOI: 10.1109/ ACCESS.2022.3212774.

[74] M. A. Hossain, R. Md Noor, K.-L. A. Yau, I. Ahmedy, and S. S. Anjum, “A

survey on simultaneous wireless information and power transfer with cooper-

ative relay and future challenges,”IEEE Access, vol. 7, pp. 19 166–19 198, 2019.

DOI: 10.1109/ ACCESS.2019.2895645.

[75] J. Hu, K. Yang, G. Wen, and L. Hanzo, “Integrated data and energy commu-

nication network: A comprehensive survey,”IEEE Communications Surveys &

Tutorials, vol. 20, no. 4, pp. 3169–3219, 2018. DOI: 10.1109/ COMST.2018.

2860778.

[76] J. Huang, C.-C. Xing, and C. Wang, “Simultaneous wireless information and

power transfer: Technologies, applications, and research challenges,”IEEE Com-

munications Magazine, vol. 55, no. 11, pp. 26–32, 2017. DOI: 10.1109/ MCOM.

2017.1600806.

[77] Mini-Circuits. “Mini-Circuits ZAPD-30-S+ RF power splitter datasheet.” (On-

line), available from:< https:// www.minicircuits.com/ pdfs/ ZAPD-30-S+

.pdf> (visited on 09/ 13/ 2023).

[78] In�neon. “In�neon BGS12WN6 RF switch datasheet.” (Online), available from:

< https :/ / www. infineon . com/ dgdl/ Infineon - BGS12WN6- DataSheet - v

02_05 - EN .pdf? fileId= 5546d4626b2d8e69016b89d2b3334727> (visited on

09/ 13/ 2023).

[79] Powercast. “P211XXCSR-EVB datasheet.” (Online), available from:< https:

// www.powercastco.com/ wp-content/ uploads/ 2021/ 06/ P21XXCSR-EVB-

Datasheet-v2.1-1.pdf> (visited on 09/ 13/ 2023).

[80] R. Zhang and C. K. Ho, “MIMO broadcasting for simultaneous wireless infor-

mation and power transfer,”IEEE Transactions on Wireless Communications,

vol. 12, no. 5, pp. 1989–2001, 2013. DOI: 10.1109/ TWC.2013.031813.120224.

112

https://doi.org/10.1109/COMST.2017.2783901
https://doi.org/10.1109/COMST.2017.2783901
https://doi.org/10.1109/ACCESS.2022.3212774
https://doi.org/10.1109/ACCESS.2019.2895645
https://doi.org/10.1109/COMST.2018.2860778
https://doi.org/10.1109/COMST.2018.2860778
https://doi.org/10.1109/MCOM.2017.1600806
https://doi.org/10.1109/MCOM.2017.1600806
https://www.minicircuits.com/pdfs/ZAPD-30-S+.pdf
https://www.minicircuits.com/pdfs/ZAPD-30-S+.pdf
https://www.infineon.com/dgdl/Infineon-BGS12WN6-DataSheet-v02_05-EN.pdf?fileId=5546d4626b2d8e69016b89d2b3334727
https://www.infineon.com/dgdl/Infineon-BGS12WN6-DataSheet-v02_05-EN.pdf?fileId=5546d4626b2d8e69016b89d2b3334727
https://www.powercastco.com/wp-content/uploads/2021/06/P21XXCSR-EVB-Datasheet-v2.1-1.pdf
https://www.powercastco.com/wp-content/uploads/2021/06/P21XXCSR-EVB-Datasheet-v2.1-1.pdf
https://www.powercastco.com/wp-content/uploads/2021/06/P21XXCSR-EVB-Datasheet-v2.1-1.pdf
https://doi.org/10.1109/TWC.2013.031813.120224


[81] Y. Wu, M. Dai, L. Qian, Z. Su, T. Q. S. Quek, and D. W. K. Ng, “SWIPT-

empowered sustainable wireless federated learning: Paradigms, challenges, and

solutions,” IEEE Network, pp. 1–9, 2022. DOI: 10.1109/ MNET.128.2200344.

[82] H. Yang, Y. Ye, X. Chu, and M. Dong, “Resource and power allocation in

SWIPT-enabled device-to-device communications based on a nonlinear energy

harvesting model,”IEEE Internet of Things Journal, vol. 7, no. 11, pp. 10 813–

10 825, 2020. DOI: 10.1109/ JIOT.2020.2988512.

[83] A. R. Nair and K. S, “Impact of total harmonic distortion in SWIPT enabled

wireless communication networks,” in2021 Smart Technologies, Communica-

tion and Robotics (STCR), 2021, pp. 1–5. DOI: 10.1109/ STCR51658.2021.

9588824.

[84] T. D. P. Perera, D. N. K. Jayakody, I. Pitas, and S. Garg, “Age of information

in SWIPT-enabled wireless communication system for 5GB,”IEEE Wireless

Communications, vol. 27, no. 5, pp. 162–167, 2020. DOI: 10.1109/ MWC.001.

2000001.

[85] X. Gu, S. Hemour, and K. Wu, “Far-�eld wireless power harvesting: Nonlin-

ear modeling, rectenna design, and emerging applications,”Proceedings of the

IEEE, vol. 110, no. 1, pp. 56–73, 2022. DOI: 10.1109/ JPROC.2021.3127930.

[86] C. Boyer and S. Roy, “Backscatter communication and RFID: Coding, en-

ergy, and MIMO analysis,”IEEE Transactions on Communications, vol. 62,

no. 3, pp. 770–785, 2014. DOI: 10.1109/ TCOMM.2013.120713.130417.

[87] G. Yang, C. K. Ho, and Y. L. Guan, “Multi-antenna wireless energy trans-

fer for backscatter communication systems,”IEEE Journal on Selected Areas in

Communications, vol. 33, no. 12, pp. 2974–2987, 2015. DOI: 10.1109/ JSAC.

2015.2481258.

[88] C. R. Valenta and G. D. Durgin, “Harvesting wireless power: Survey of energy-

harvester conversion ef�ciency in far-�eld, wireless power transfer systems,”

IEEE Microwave Magazine, vol. 15, no. 4, pp. 108–120, Jun. 2014, ISSN: 1527-

3342. DOI: 10.1109/ MMM.2014.2309499.

[89] X. Lu, P. Wang, D. Niyato, D. I. Kim, and Z. Han, “Wireless networks with

RF energy harvesting: A contemporary survey,”IEEE Communications Sur-

veys & Tutorials, vol. 17, no. 2, pp. 757–789, 2015. DOI: 10.1109/ COMST.

2014.2368999.

113

https://doi.org/10.1109/MNET.128.2200344
https://doi.org/10.1109/JIOT.2020.2988512
https://doi.org/10.1109/STCR51658.2021.9588824
https://doi.org/10.1109/STCR51658.2021.9588824
https://doi.org/10.1109/MWC.001.2000001
https://doi.org/10.1109/MWC.001.2000001
https://doi.org/10.1109/JPROC.2021.3127930
https://doi.org/10.1109/TCOMM.2013.120713.130417
https://doi.org/10.1109/JSAC.2015.2481258
https://doi.org/10.1109/JSAC.2015.2481258
https://doi.org/10.1109/MMM.2014.2309499
https://doi.org/10.1109/COMST.2014.2368999
https://doi.org/10.1109/COMST.2014.2368999


[90] K. Niotaki et al., “RF energy harvesting and wireless power transfer for energy

autonomous wireless devices and RFIDs,”IEEE Journal of Microwaves, vol. 3,

no. 2, pp. 763–782, 2023. DOI: 10.1109/ JMW.2023.3255581.

[91] M. A. Ullah, R. Keshavarz, M. Abolhasan, J. Lipman, K. P. Esselle, and N.

Shariati, “A review on antenna technologies for ambient RF energy harvesting

and wireless power transfer: Designs, challenges and applications,”IEEE Access,

vol. 10, pp. 17 231–17 267, 2022. DOI: 10.1109/ ACCESS.2022.3149276.

[92] H. Rahmani and A. Babakhani, “A wireless power receiver with an on-chip

antenna for millimeter-size biomedical implants in 180 nm SOI CMOS,” in

2017 IEEE MTT-S International Microwave Symposium (IMS), 2017, pp. 300–

303. DOI: 10.1109/ MWSYM.2017.8059103.

[93] Y. Sun, B. Greet, D. Burkland, M. John, M. Razavi, and A. Babakhani, “Wire-

lessly powered implantable pacemaker with on-chip antenna,” in2017 IEEE

MTT-S International Microwave Symposium (IMS), 2017, pp. 1242–1244. DOI:

10.1109/ MWSYM.2017.8058831.

[94] J. F. Kuhling, M. Feenaghty, and R. Dahle, “A wideband cascaded skew planar

wheel antenna for RF energy harvesting,” in2018 IEEE Wireless Power Transfer

Conference (WPTC), 2018, pp. 1–4. DOI: 10.1109/ WPT.2018.8639229.

[95] M. M. Fakharian, “A wideband rectenna using high gain fractal planar mono-

pole antenna array for RF energy scavenging,”International Journal of Anten-

nas and Propagation, vol. 2020, 2020.

[96] K. Saito, E. Nishiyama, and I. Toyoda, “A 2.45- and 5.8-GHz dual-band stacked

differential rectenna with high conversion ef�ciency in low power density en-

vironment,” IEEE Open Journal of Antennas and Propagation, vol. 3, pp. 627–

636, 2022. DOI: 10.1109/ OJAP.2022.3171035.

[97] A. Georgiadis, G. Vera Andia, and A. Collado, “Rectenna design and opti-

mization using reciprocity theory and harmonic balance analysis for electro-

magnetic (EM) energy harvesting,”IEEE Antennas and Wireless Propagation

Letters, vol. 9, pp. 444–446, May 2010, ISSN: 1536-1225. DOI: 10.1109/ LAWP.

2010.2050131.

114

https://doi.org/10.1109/JMW.2023.3255581
https://doi.org/10.1109/ACCESS.2022.3149276
https://doi.org/10.1109/MWSYM.2017.8059103
https://doi.org/10.1109/MWSYM.2017.8058831
https://doi.org/10.1109/WPT.2018.8639229
https://doi.org/10.1109/OJAP.2022.3171035
https://doi.org/10.1109/LAWP.2010.2050131
https://doi.org/10.1109/LAWP.2010.2050131


[98] P. N. Duy, N. Ha-Van, and C. Seo, “A design of 5.8 GHz rectenna array for

wireless energy harvesting applications,” in2020 IEEE Wireless Power Trans-

fer Conference (WPTC), 2020, pp. 87–90. DOI: 10.1109/ WPTC48563.2020.

9295593.

[99] Powercast. “PCC110 chipset overview.” (Online), available from:< https://

www.powercastco.com/ wp-content/ uploads/ 2021/ 06/ PCC110-PCC210-

Overview-V1.6-ONE-PAGE-1.pdf> (visited on 09/ 13/ 2023).

[100] A. J. S. Boaventura, D. Belo, R. Fernandes, A. Collado, A. Georgiadis, and

N. B. Carvalho, “Boosting the ef�ciency: Unconventional waveform design

for ef�cient wireless power transfer,”IEEE Microwave Magazine, vol. 16, no. 3,

pp. 87–96, Apr. 2015, ISSN: 1527-3342. DOI: 10.1109/ MMM.2014.2388332.

[101] S. Wetenkamp, “Comparison of single diode vs. dual diode detectors for mi-

crowave power detection,” in1983 IEEE MTT-S International Microwave Sym-

posium Digest, 1983, pp. 361–363. DOI: 10.1109/ MWSYM.1983.1130912.

[102] S. Bi, C. K. Ho, and R. Zhang, “Wireless powered communication: Opportu-

nities and challenges,”IEEE Communications Magazine, vol. 53, no. 4, pp. 117–

125, 2015. DOI: 10.1109/ MCOM.2015.7081084.

[103] X. Zhou, R. Zhang, and C. K. Ho, “Wireless information and power transfer:

Architecture design and rate-energy tradeoff,”IEEE Transactions on Commu-

nications, vol. 61, no. 11, pp. 4754–4767, 2013. DOI: 10.1109/ TCOMM.2013.

13.120855.

[104] H. Tabassum, E. Hossain, A. Ogundipe, and D. I. Kim, “Wireless-powered

cellular networks: Key challenges and solution techniques,”IEEE Communi-

cations Magazine, vol. 53, no. 6, pp. 63–71, 2015. DOI: 10.1109/ MCOM.2015.

7120019.

[105] H. Son and B. Clerckx, “Joint beamforming design for multi-user wireless

information and power transfer,”IEEE Transactions on Wireless Communica-

tions, vol. 13, no. 11, pp. 6397–6409, 2014. DOI: 10.1109/ TWC.2014.2349511.

[106] J. Park and B. Clerckx, “Joint wireless information and energy transfer with

reduced feedback in MIMO interference channels,”IEEE Journal on Selected

Areas in Communications, vol. 33, no. 8, pp. 1563–1577, 2015. DOI: 10.1109/

JSAC.2015.2391684.

115

https://doi.org/10.1109/WPTC48563.2020.9295593
https://doi.org/10.1109/WPTC48563.2020.9295593
https://www.powercastco.com/wp-content/uploads/2021/06/PCC110-PCC210-Overview-V1.6-ONE-PAGE-1.pdf
https://www.powercastco.com/wp-content/uploads/2021/06/PCC110-PCC210-Overview-V1.6-ONE-PAGE-1.pdf
https://www.powercastco.com/wp-content/uploads/2021/06/PCC110-PCC210-Overview-V1.6-ONE-PAGE-1.pdf
https://doi.org/10.1109/MMM.2014.2388332
https://doi.org/10.1109/MWSYM.1983.1130912
https://doi.org/10.1109/MCOM.2015.7081084
https://doi.org/10.1109/TCOMM.2013.13.120855
https://doi.org/10.1109/TCOMM.2013.13.120855
https://doi.org/10.1109/MCOM.2015.7120019
https://doi.org/10.1109/MCOM.2015.7120019
https://doi.org/10.1109/TWC.2014.2349511
https://doi.org/10.1109/JSAC.2015.2391684
https://doi.org/10.1109/JSAC.2015.2391684


[107] D. W. K. Ng, E. S. Lo, and R. Schober, “Wireless information and power

transfer: Energy ef�ciency optimization in OFDMA systems,”IEEE Transac-

tions on Wireless Communications, vol. 12, no. 12, pp. 6352–6370, 2013. DOI:

10.1109/ TWC.2013.103113.130470.

[108] L. Liu, R. Zhang, and K.-C. Chua, “Wireless information and power transfer:

A dynamic power splitting approach,”IEEE Transactions on Communications,

vol. 61, no. 9, pp. 3990–4001, 2013. DOI: 10.1109/ TCOMM.2013.071813.

130105.

[109] J.-M. Kang, I.-M. Kim, and D. I. Kim, “Wireless information and power

transfer: Rate-energy tradeoff for nonlinear energy harvesting,”IEEE Trans-

actions on Wireless Communications, vol. 17, no. 3, pp. 1966–1981, 2018. DOI:

10.1109/ TWC.2017.2787569.

[110] Y.-B. Kim, D. K. Shin, and W. Choi, “Rate-energy region in wireless informa-

tion and power transfer: New receiver architecture and practical modulation,”

IEEE Transactions on Communications, vol. 66, no. 6, pp. 2751–2761, 2018.

DOI: 10.1109/ TCOMM.2018.2805348.

[111] K. Xiong, B. Wang, and K. J. R. Liu, “Rate-energy region of SWIPT for

MIMO broadcasting under nonlinear energy harvesting model,”IEEE Trans-

actions on Wireless Communications, vol. 16, no. 8, pp. 5147–5161, 2017. DOI:

10.1109/ TWC.2017.2706277.

[112] B. Clerckx, “Wireless information and power transfer: Nonlinearity, wave-

form design, and rate-energy tradeoff,”IEEE Transactions on Signal Processing,

vol. 66, no. 4, pp. 847–862, 2018. DOI: 10.1109/ TSP.2017.2775593.

[113] R. Morsi, V. Jamali, A. Hagelauer, D. W. K. Ng, and R. Schober, “Condi-

tional capacity and transmit signal design for SWIPT systems with multiple

nonlinear energy harvesting receivers,”IEEE Transactions on Communications,

vol. 68, no. 1, pp. 582–601, 2020. DOI: 10.1109/ TCOMM.2019.2951109.

[114] T. Yoo and K. Chang, “Theoretical and experimental development of 10 and

35 GHz rectennas,”IEEE Transactions on Microwave Theory and Techniques,

vol. 40, no. 6, pp. 1259–1266, Jun. 1992. DOI: 10.1109/ 22.141359.

116

https://doi.org/10.1109/TWC.2013.103113.130470
https://doi.org/10.1109/TCOMM.2013.071813.130105
https://doi.org/10.1109/TCOMM.2013.071813.130105
https://doi.org/10.1109/TWC.2017.2787569
https://doi.org/10.1109/TCOMM.2018.2805348
https://doi.org/10.1109/TWC.2017.2706277
https://doi.org/10.1109/TSP.2017.2775593
https://doi.org/10.1109/TCOMM.2019.2951109
https://doi.org/10.1109/22.141359


[115] U. Olgun, C. Chen, and J. L. Volakis, “Investigation of rectenna array con-

�gurations for enhanced RF power harvesting,”IEEE Antennas and Wireless

Propagation Letters, vol. 10, pp. 262–265, Apr. 2011. DOI: 10.1109/ LAWP.

2011.2136371.

[116] P. Wu et al., “A wide dynamic range recti�er array based on automatic in-

put power distribution technique,”IEEE Microwave and Wireless Components

Letters, vol. 30, no. 4, pp. 437–440, Apr. 2020. DOI: 10.1109/ LMWC.2020.

2972727.

[117] Q. W. Lin and X. Y. Zhang, “Differential recti�er using resistance compres-

sion network for improving ef�ciency over extended input power range,”IEEE

Transactions on Microwave Theory and Techniques, vol. 64, no. 9, pp. 2943–2954,

Sep. 2016. DOI: 10.1109/ TMTT.2016.2592531.

[118] Z. Du and X. Y. Zhang, “High-ef�ciency single- and dual-band recti�ers us-

ing a complex impedance compression network for wireless power transfer,”

IEEE Transactions on Industrial Electronics, vol. 65, no. 6, pp. 5012–5022, Jun.

2018. DOI: 10.1109/ TIE.2017.2772203.

[119] J. Liu, X. Zhao, X. Zhang, and Z. Wu, “Microwave recti�er with wide input

power range based on resistance/ impedance compression networks,” inProc.

2018 International Applied Computational Electromagnetics Society Symposium

- China (ACES), 2018, pp. 1–2. DOI: 10.23919/ ACESS.2018.8669204.

[120] J. Xu and D. S. Ricketts, “An ef�cient, watt-level microwave recti�er using

an impedance compression network (ICN) with applications in outphasing

energy recovery systems,”IEEE Microwave and Wireless Components Letters,

vol. 23, no. 10, pp. 542–544, Oct. 2013. DOI: 10.1109/ LMWC.2013.2278276.

[121] L. Cantos, G. Sacarelo, Y. Jeong, and Y. H. Kim, “Performance of a wave-

form design for wireless power transfer with imperfect channel state informa-

tion,” in Proc. International Conference on Information and Communication

Technology Convergence (ICTC), Oct. 2017.

[122] E. Boshkovska, A. Koelpin, D. W. K. Ng, N. Zlatanov, and R. Schober,

“Robust beamforming for SWIPT systems with non-linear energy harvest-

ing model,” in Proc. IEEE 17th International Workshop on Signal Processing

Advances in Wireless Communications (SPAWC), Jul. 2016. DOI: 10 . 1109/

SPAWC.2016.7536860.

117

https://doi.org/10.1109/LAWP.2011.2136371
https://doi.org/10.1109/LAWP.2011.2136371
https://doi.org/10.1109/LMWC.2020.2972727
https://doi.org/10.1109/LMWC.2020.2972727
https://doi.org/10.1109/TMTT.2016.2592531
https://doi.org/10.1109/TIE.2017.2772203
https://doi.org/10.23919/ACESS.2018.8669204
https://doi.org/10.1109/LMWC.2013.2278276
https://doi.org/10.1109/SPAWC.2016.7536860
https://doi.org/10.1109/SPAWC.2016.7536860


[123] B. Clerckx and J. Kim, “On the bene�cial roles of fading and transmit diver-

sity in wireless power transfer with nonlinear energy harvesting,”IEEE Trans-

actions on Wireless Communications, vol. 17, no. 11, pp. 7731–7743, Nov. 2018.

[124] J. Kim, B. Clerckx, and P. D. Mitcheson, “Signal and system design for wire-

less power transfer : Prototype, experiment and validation,”IEEE Transactions

on Wireless Communications, pp. 1–1, 2020.

[125] B. Clerckx, J. Kim, K. W. Choi, and D. I. Kim, “Foundations of wireless

information and power transfer: Theory, prototypes, and experiments,”Pro-

ceedings of the IEEE, vol. 110, no. 1, pp. 8–30, 2022. DOI: 10.1109/ JPROC.

2021.3132369.

[126] Powercast. “Powercast products.” (Online), available from:< https:// www.

powercastco.com/ products/> (visited on 09/ 13/ 2023).

[127] Energous. “Energous products.” (Online), available from:< https:// energo

us.com/ products/> (visited on 09/ 13/ 2023).

[128] Ossia. “Ossia products.” (Online), available from:< https :/ / www.ossia .

com/ products> (visited on 09/ 13/ 2023).

[129] Aeterlink. “Aeterlink products.” (Online), available from:< https:// aeterli

nk.com/ en/ services/ building_management/> (visited on 09/ 13/ 2023).

[130] Wiliot. “Wiliot IoT Pixel.” (Online), available from: < https:// www.wiliot.

com/ product/ iot-pixel> (visited on 09/ 13/ 2023).

[131] GuRu. “GuRU wireless evaluation kit.” (Online), available from:< https:

// guru.inc/ evaluation-kit/> (visited on 09/ 13/ 2023).

[132] Freevolt technologies. “Freevolt biometric smart card.” (Online), available

from: < https:// freevolt.tech/> (visited on 09/ 13/ 2023).

[133] Powercast. “P2110b module datasheet.” (Online), available from:< https://

www.powercastco.com/ wp-content/ uploads/ 2021/ 06/ P2110B-Datasheet-

Rev-3.pdf> (visited on 09/ 13/ 2023).

[134] D. Alqahtani, Y. Chen, W. Feng, and M.-S. Alouini, “A new non-linear joint

model for RF energy harvesters in wireless networks,”IEEE Transactions on

Green Communications and Networking, vol. 5, no. 2, pp. 895–907, 2021. DOI:

10.1109/ TGCN.2021.3059728.

[135] R. Burden and J. Faires,Numerical Analysis. Brooks Cole, 2004.

118

https://doi.org/10.1109/JPROC.2021.3132369
https://doi.org/10.1109/JPROC.2021.3132369
https://www.powercastco.com/products/
https://www.powercastco.com/products/
https://energous.com/products/
https://energous.com/products/
https://www.ossia.com/products
https://www.ossia.com/products
https://aeterlink.com/en/services/building_management/
https://aeterlink.com/en/services/building_management/
https://www.wiliot.com/product/iot-pixel
https://www.wiliot.com/product/iot-pixel
https://guru.inc/evaluation-kit/
https://guru.inc/evaluation-kit/
https://freevolt.tech/
https://www.powercastco.com/wp-content/uploads/2021/06/P2110B-Datasheet-Rev-3.pdf
https://www.powercastco.com/wp-content/uploads/2021/06/P2110B-Datasheet-Rev-3.pdf
https://www.powercastco.com/wp-content/uploads/2021/06/P2110B-Datasheet-Rev-3.pdf
https://doi.org/10.1109/TGCN.2021.3059728


[136] Datasheetspdf. “HSMS-282X datasheet.” (Online), available from:< https:

// datasheetspdf.com/ pdf-file/ 963462/ AVAGO / HSMS-282C/ 1> (visited on

09/ 13/ 2023).

[137] Wikipedia. “Jensen's inequality.” (Online), available from:< https:// en.wik

ipedia.org/ wiki / Jensen%27s_inequality> (visited on 09/ 13/ 2023).

[138] M. H. Ouda, P. D. Mitcheson, and B. Clerckx, “Robust wireless power re-

ceiver for multi-tone waveforms,” inProc. 49th European Microwave Conference

(EuMC), Oct. 2019.

[139] M. H. Ouda, P. Mitcheson, and B. Clerckx, “Optimal operation of multitone

waveforms in low RF-power receivers,” inProc. IEEE Wireless Power Transfer

Conference (WPTC), Jun. 2018.

119

https://datasheetspdf.com/pdf-file/963462/AVAGO/HSMS-282C/1
https://datasheetspdf.com/pdf-file/963462/AVAGO/HSMS-282C/1
https://en.wikipedia.org/wiki/Jensen%27s_inequality
https://en.wikipedia.org/wiki/Jensen%27s_inequality


120



PUBLICATIONS

121





PUBLICATION

1

Experimenting waveforms and ef�ciency in RF power transfer

N. Ayir, M. F. Trujillo Fierro, T. Riihonen, and M. Allén

DOI: 10.1109/ MWSYM.2019.8700791

Publication reprinted with the permission of the copyright holders.

https://doi.org/10.1109/MWSYM.2019.8700791












PUBLICATION

2

Impact of software-de�ned radio transmitter on the ef�ciency of RF wireless

power transfer

N. Ayir and T. Riihonen

DOI: 10.1109/ WPTC48563.2020.9295605

Publication reprinted with the permission of the copyright holders.

https://doi.org/10.1109/WPTC48563.2020.9295605












PUBLICATION

3

Waveforms and end-to-end ef�ciency in RF wireless power transfer using

digital radio transmitter

N. Ayir, T. Riihonen, M. Allén, and M. F. Trujillo Fierro

IEEE Transactions on Microwave Theory and Techniques, vol. 69, no. 3, pp. 1917–1931

DOI: 10.1109/ TMTT.2020.3047654

Publication reprinted with the permission of the copyright holders.

https://doi.org/10.1109/TMTT.2020.3047654




































PUBLICATION

4

Joint impact of input power, PAPR, and load resistance on the receiver

ef�ciency of multisine waveforms in RF energy harvesting

N. Ayir and T. Riihonen

DOI: 10.1109/ WPTC51349.2021.9458048

Publication reprinted with the permission of the copyright holders.

https://doi.org/10.1109/WPTC51349.2021.9458048












PUBLICATION

5

Impact of input impedance mismatch on the receiver ef�ciency of RF wireless

power transfer

N. Ayir, M. Heino, and T. Riihonen

DOI: 10.1109/ WPW54272.2022.9853860

Publication reprinted with the permission of the copyright holders.

















PUBLICATION

6

Ef�ciency–throughput trade-off of pulsed RF waveforms in simultaneous

wireless information and power transfer

N. Ayir and T. Riihonen

In 2023 IEEE Wireless Power Technology Conference and Expo (WPTCE), USA, 2023

DOI: 10.1109/ WPTCE56855.2023.10215575

Publication reprinted with the permission of the copyright holders.

















PUBLICATION

7

Practical waveform-to-energy harvesting model and transmit waveform

optimization for RF wireless power transfer systems

N. Ayir, T. Riihonen, and M. Heino

IEEE Transactions on Microwave Theory and Techniques

DOI: 10.1109/ TMTT.2023.3284261

Publication reprinted with the permission of the copyright holders.











































891/2023
N

A
C

H
IK

E
T A

Y
IR

    R
F W

ireless Pow
er and D

ata Transfer

Tampere University Dissertations 891

RF Wireless Power  
and Data Transfer

Experiment-driven Analysis and Waveform Design

NACHIKET AYIR

TUNI_Nachiket_Ayir_kansi.indd   1TUNI_Nachiket_Ayir_kansi.indd   1 9.10.2023   9:57:019.10.2023   9:57:01


	Introduction
	

	

